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ABSTRACT
One challenge in the area of biomedical materials is the
development of substances that can favorably interact with
mammalian cells either in vitro or in vivo. Such materials could be
useful for applications ranging from the basic study of how cells
interact with surfaces to applied areas such as in vitro mammalian
cell culture or in vivo cell transplantation. For example, in the last
case, isolated cells and cell clusters from donor organs or living
donors could be placed onto synthetic biodegradable polymer
scaffolds in vitro, and then this polymer-cell device could be
implanted into patients in need of organ replacement. With the
appropriate design of the scaffold support system and the
development of techniques for manipulation of cells in culture, the
cells could be encouraged to express normal biological function and
to form differentiated tissue. This polymer scaffold should have
several characteristics including biodegradability, biocompatibility,
suitable mechanical properties, and most importantly, suitable
surface chemistry to facilitate cell adhesion and growth.
This thesis describes the synthesis and characterization of
poly (lactic acid-co-lysine), a copolymer that has the necessary
characteristics described above. In order to reach this goal, several
steps have been completed. First, poly (lactic acid-co-lysine) was
identified as a polymer system that satisfies all of the design
requirements. The side chain amino group of lysine provides an
anchor that can be used to modify the surface chemistry by
attaching biologically active moieties to the amino group. Next, the
polymerization mechanism was analyzed and an appropriate
monomer was synthesized for the copolymerization bf lactic acid
and lysine. The monomer is a cyclic dimer of lactic acid and lysine,
and the side chain amino group of lysine is protected with the
benzyloxycarbonyl (Cbz) protecting group so that it does not become
involved in the polymerization. This lysine monomer was then
copolymerized with lactide by a ring-opening mechanism using
stannous octoate as the catalyst. Higher molecular weights were
obtained at lower polymerization temperatures, and the molecular
weight of the copolymer decreased as the concentration of the
lysine monomer was increased in the starting mixture. The lysine
monomer did not homopolymerize. Copolymerizations conducted at
100 oC for 24 hours with 5 mole percent lysine residues routinely
yielded polymers with number average molecular weights of 50,000
g/mol and lysine contents of 1.5 mole percent. After the
polymerization was complete, the lysine residues were deprotected
using palladium chloride and triethylsilane, thereby allowing access
to the primary amino group for chemical modification.
Films of poly (lactic acid-co-lysine) were found to degrade
hydrolytically. During the study, the molecular weights of the
copolymer films dropped to 50% of their original values in 5 weeks.
In comparison, the molecular wieghts of the homopolymers of lactic
acid took 15 weeks to drop to 50% of their original values. The
increased degradation rate of the copolymer is attributed to the
disruption of the crystalline region by the lysine residues. After
processing the copolymer into films by solvent casting, the surfaces
were analyzed. The casting surface was found to influence the
surface properties of the resulting film. Hydrophobic components,
such as a vacuum grease contaminant migrated to the hydrophobic
interfaces such as air and teflon. Very little of these hydrophobic
components were found at the hydrophilic glass interface. Finally,
an RGD cell adhesion promoting peptide was chemically attached to
the polymer matrix using 1,1-carbonyldiimidazole as the coupling
reagent. A concentration of 3.1 pmol of peptide per gram of polymer
was obtained as determined by amino acid analysis. This value
corresponds to a surface concentration of 310 fmol/cm2 if the
surface is the same as the bulk. This quantity of peptide is
biologically effective which demonstrates that the surface
chemistry of this new biodegradable copolymer system could be
controlled.
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CHAPTER 1
PROJECT OVERVIEW
1.1 Motivation
Over the years, there have been many successful uses of
synthetic polymers in medicine -3 , and a brief list is shown in Table
1-1. The eventual medical uses of these polymers were far removed
from the original applications. One common problem that resulted
from extending the use of these polymers to medical applications
was unfavorable polymer-cell interactions. Consequently, there has
been a lot of work done to understand and minimize these polymer-
cell interactions4 , 5
Table 1-1
Origins of Materials Used in Medical Applications
ORIGINAL MEDICAL
POLYMER APPLICATION APPLICATION
Polyurethanes Ladies Girdle Artificial Heart
Cellulose Sausage Casing Dialysis Tubing
Nylons Clothes Vascular Graft
Ethylenevinyl Wall Coating Controlled Release
Acetate Polymer
Polysiloxanes Lubricant Heart Valves
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However, one challenge in the area of biomedical materials
that has received less attention is the development of substrates
that can interact favorably with mammalian cells either in vitro or
in vivo. Such materials could be useful for applications ranging
from the basic study of how cells interact with surfaces to applied
areas such as in vitro mammalian cell culture for the production of
useful materials and in vivo cell transplantation for replacement of
lost cellular function.
To illustrate the need for in vivo cell transplantation, it is
worth considering that the success of whole organ transplantation
is limited by donor organ availability. As an example,
transplantation of the liver is often successful but has reached a
plateau at about 2200 transplants per year because of donor
scarcity6 . Unfortunately, 30,000 Americans die every year of liver
disease while an additional 5 million Americans are affected. The
cost to the economy is more than $14 billion dollars annually7 . The
situation is similar with other organ systems such as the kidney,
pancreas, lung, and heart.
The demand for replacement organs is therefore very high.
However, since the function of most of these organs is so complex
and in most cases not yet completely understood, synthetically
recreating an organ's entire function is practically impossible.
Alternative treatments concentrate on manipulating the smallest
functional unit of the organ, the individual cell. A large body of
research has been completed in the area of cell transplantation, and
several good reviews are available6, 8, 9
In general, when suspensions of cells are injected, only a
small fraction of cells survive. Cell death occurs for many reasons,
including lack of nutrients and attack by the host's immune system.
In addition, the cells that do survive have inadequate three
dimensional structure and no way to form into an appropriate
structure. Some researchers have encapsulated cells, which
provides excellent protection from the host's immune system. Often
times, however, the barrier is too large and does not allow for
16
sufficient exchange between the vascular supply and the cells. Also,
a fibrous capsule can form which creates an additional barrier to the
flow of nutrients. These approaches have had varying levels of
success, but none has produced a viable clinical solution yet.
Clinical success in the area of cell transplantation depends on
efficiently using the available donor material and providing an
environment conducive to long-term cell survival, differentiation,
and growth. One promising approach is to attach isolated cells and
cell clusters onto synthetic biodegradable polymer scaffolds in vitro
and then to implant the polymer-cell scaffold into recipients,
thereby replacing whole organ function7 9. With this approach,
several implants could be obtained from each donor organ, and cell
material could also be obtained from living donors. This second
source could help eliminate the need for immunosuppressive therapy,
which is often required during organ transplantation.
The key to the success of this cell transplantation technique is
the design of the synthetic polymer scaffold6 . This scaffold has
several functions. First, it must provide for active polymer-cell
interactions since most mammalian cells must adhere to a surface
in order to survive. It is also essential that this adhesion occur in
such a manner that the cells continue to function normally. If the
cells survive, but do not function normally, transplanting them into
a patient is futile. Next, the polymer scaffold must have suitable
surface chemistry to guide and reorganize the cell mass. Finally,
the three dimensional structure must be designed to deliver a
significant number of cells while allowing for the proper diffusion
of nutrients.
Several criteria can be used to define the ideal substrate.
Biocompatibility is essential in order to prevent acute adverse
tissue responses that could impair the function of the transplanted
cells. Biodegradability is desired to provide a completely natural
tissue replacement without the possibility of chronic tissue
reaction to the foreign body. The mechanical properties must allow
for easy and reproducible processing into a variety of shapes, and
the resulting devices must maintain their shape once implanted.
Finally, the surface chemistry must be easily manipulated to meet
the needs of the cells for each application.
One possible family of matrices that are commercially
available consists of purified extracellular matrix components, such
as fibronectin, laminin, and collagen. Although these matrices
provide great biocompatibility and cell adhesion, they do not have
sufficient mechanical properties to build a stable three dimensional
structure independent of the cells. It is also difficult to obtain high
quality matrix material on a consistent basis since it must be
harvested from natural sources.
Another possible matrix that is produced commercially is
surgical suture material. These threads are made from polyglycolic
acid, polylactic acid, and copolymers of glycolic and lactic acid. The
biocompatibility and biodegradability of these polymers are well
characterized, and the physical strength and fiber forming
properties are good 10-16. Also, since these polymers are used as
suture material, they have already been approved for implantation.
Unfortunately, the surfaces of these materials do not contain any
groups that can be modified without destroying the backbone of the
polymer chain. Therefore, optimal surface chemistry is difficult to
obtain.
1.2 Objectives
The goal of this research has been to identify and synthesize a
polymer system that is biocompatible, biodegradable, and
mechanically suitable and that can have its surface chemistry
controlled to meet the needs of a variety of applications including
cell transplantation.
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In order to reach this objective, several steps have been completed.
1. Poly (lactic acid-co-lysine) was identified as a polymer system
that satisfied all of the design requirements. The process of
identifying this polymer system is described in Chapter 2.
2. An appropriate monomer was synthesized for the
copolymerization of lactic acid and lysine. The identification of
the appropriate monomer and the subsequent synthesis are
discussed in Chapter 3.
3. The monomer from Chapter 3 was copolymerized with lactide to
produce a high molecular weight copolymer of lactic acid and
lysine. Details of this polymerization procedure are presented in
Chapter 4.
4. It was necessary to protect the side chain amino group so that it
did not become involved in the polymerization step.
Consequently, the next step involved deprotecting the side chain
amino group of the lysine residue, thereby allowing access to the
primary amino group for chemical modification. Details of this
deprotection step are given in Chapter 5.
5. The copolymer of lactic acid and lysine was analyzed for its
processibility and biodegradability since these properties are
important features of this new material. The surface properties
of the processed films were also characterized. The results from
the processing studies and the in vitro degradation study are
presented and discussed in Chapter 6.
6. An RGD peptide that promotes cell adhesion was chemically
attached to the copolymer through the side chain amino group of
lysine. This attachment demonstrates the ability to control the
surface chemistry of the biodegradable polymer system. Details
of this step are given in Chapter 7.
19
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CHAPTER 2
SELECTION CRITERIA FOR AN OPTIMAL POLYMER MATRIX
2.1 Criteria
Each of the polymer requirements discussed in Chapter 1 can
be used as a guide for identifying the chemical composition of the
optimal polymer structure. The most common biodegradable
chemical bonds include amides, esters (including ortho esters), and
anhydrides. Amide bonds are normally degraded enzymatically,
leading to uncontrollable variations in degradation rates. Esters and
anhydrides are degraded via hydrolysis, and thus in vivo degradation
rates can be predicted from in vitro data more effectively.
Therefore, the optimal polymer will probably be either a polyester
or a polyanhydride.
The biocompatibility of a substance is not easily predicted,
but substances occurring naturally in the body tend to be more
biocompatible than completely foreign substances. This tendency
suggests that the repeat unit of the polymer should degrade to a
natural substance. The mechanical properties of a polymer are
determined by several variables, including main chain bond strength,
molecular weight, side chain substituents, and crystallinity. Since
the chemical nature of the repeat unit will have the greatest
influence over the variables listed above, it will determine the
mechanical properties of the polymer.
Finally, it must be possible to modify the properties of the
surface presented to the cells. Recently, biologically active
moieties have been identified that can enhance the behavior of
cells 17-23. The best and most versatile polymer system would allow
the incorporation of these moieties into the polymer after
polymerization. Following this sequence of events would allow a
single base polymer to be used for many applications. This set of
constraints suggests developing a polymer system that contains a
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functional group that can be used as a chemical attachment site for
the biologically active moieties after polymerization.
2.2 Applicable Polymer Systems
Several research groups have been developing biodegradable
polymer systems with functional groups that may be suitable for the
applications described above. Vert and Lenz (1979) prepared poly
(8-malic acid) by the ring-opening polymerization of benzyl
malolactonate (1) and the subsequent hydrogenolysis of the pendent
benzyl ester as shown below2 4-27
O
1. polymerization II
2. hydrogenolysis I - nCOOHwCOOBn
2
Poly (1-Malic Acid)
These polymers are hydrolytically degradable to malic acid,
which is a Krebs cycle intermediate. However, they are water
soluble, making them unsuitable for the formation of three
dimensional devices or scaffolds. This polymer system can be made
water insoluble by limiting the fraction of acid groups that are
deprotected. However, no data concerning the degradability or
physical properties of these water insoluble polymers were
available, probably because the main focus of this research group
was to develop a water soluble drug-carrying polymer2 8-32
Copolymerization of benzyl malolactonate (1) with 8-
butyrolactone has been reported 33, but the resulting engineering
properties of this copolymer were not discussed. Copolymerization
with lactide or glycolide (the monomers used for the polymerization
of polylactic acid and polyglycolic acid) could greatly increase the
range of available properties compared to the homopolymer (2).
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However, lactide and glycolide are 6-membered rings, and the
difference in the ring sizes may make this copolymerization
difficult to achieve in practice34 . The 4-membered rings polymerize
so much more quickly that often none of the 6-membered ring
monomer is incorporated into the polymer.
Two groups have been addressing this last limitation by
incorporating malic acid into 6-member ring lactones as shown
below35 .
O
BnOOCCH2- O
CH2COOBn
0
3
Compound 4 is apparently more easily polymerized than 3.
However, only deprotected polymer of low molecular weight, < 8000
g/mo136, has been produced from 4. No data has been published
concerning the copolymerizability with lactide or glycolide. The
degradability was determined at 500C in a 50/50 acetone/water
mixture. It is unclear what type of degradability would be observed
under physiological conditions. Also, the processability and
engineering properties were not discussed, although the polymer
was soluble in the 50/50 acetone/water mixture used for the
degradation study.
Finally, two groups have published results concerning the
synthesis of poly (serine ester)37, 38 shown below. Gelbin and Kohn
(1992) synthesized the amino protected product, but no information
was available about the essential deprotection step. Fietier et al.
(1990) have completed the entire synthesis, but the molecular
weight dropped from 27,000 g/mol to 6,500 g/mol during the
deprotection step. The resulting polymer was again water soluble,
and no degradation information was made available.
22
.
Copolymerization of this 4-membered ring lactone with lactide or
glycolide may suffer from the same limitation discussed earlier for
the benzyl malolactonate monomer regarding the difference in ring
sizes.
0 1. polymerization II
-(OCH 2-CH)
2. TFA / CH2GI f C-
(C6H5)3CHN NH2
5 6
Poly (Serine Ester)
2.3 Optimal Polymer Matrix Selection
As noted in the Chapter 1, polylactic acid and/or polyglycolic
acid are made commercially for use as biodegradable sutures. These
polymers are polyesters of the naturally occurring substances lactic
acid and glycolic acid. Therefore, they have a controllable
hydrolytic degradation, and the ultimate degradation products are
natural to the body. Their mechanical properties are also very
desirable. The only requirement that these polymers do not satisfy
is an easily modified surface chemistry.
One way to provide for surface chemistry modification would
be to incorporate an attachment site into the polymer as a side chain
off the polymer backbone. Different moieties could then be attached
to this site as dictated by the application. Examples of appropriate
sites include free carboxylic acid groups, alcohols, and primary
amines. Figure 2-1 illustrates a desired chemical structure. We
have hypothesized that appropriate functional groups could be
incorporated into polylactic acid by copolymerizing with a monomer
containing the desired group. Lysine, with its side chain amino
group, is an example of a comonomer that would provide the desired
attachment site.
23
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Figure 2-1
Desired Chemical Structure
O O O
O-C -CH-O- C-CH O--CH
CH3  CH3  CH3
functional
group
7
The normal polymerization procedure used to produce high
molecular weight polylactic acid is illustrated in Figure 2-211. The
polymerization is a ring-opening polymerization and is carried out in
the melt. Condensation polymerizations can not efficiently produce
polymers of sufficiently high molecular weights39
Figure 2-2
Lactic Acid Polymerization
O
H3C Catalyst/Initiator O 0
0 System II II0t O-( O-C-CH-O-C-CH
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Lactide Poly (lactic acid)
Recently, there has been an attempt to incorporate amino acid
units into the backbone of polylactic acid in order to expand the
range of properties available from this biodegradable material 40-45.
One way to insert a-amino acids into the polymer backbone is to
cyclize them with an a-hydroxy acid, such as lactic acid. This step
creates a substituted morpholinedione that can be used in
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subsequent copolymerizations with stannous octoate as the
initiator. The polymerization shown in Figure 2-3 produces a
copolymer of lactic acid and glycine. In general, these copolymers
have not contained reactive groups attached to the backbone of the
copolymer chains. Only amino acids with alkyl substituents have
been copolymerized with lactic acid in this manner.
Figure 2-3
Reported Copolymerization
O O
H3C CH3  /H
S CH3 0 Stannous Octoate
O O
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D,L-Lactide 6-Methyl-2,5-Morpholinedione
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Poly (Lactic Acid-co-Glycine)
To incorporate lysine into a copolymer, a similar approach was
taken. The appropriate morpholinedione is shown in Figure 2-4.
Upon successful copolymerization of this lysine monomer (13) and
lactide (8), the resulting copolymer of lactic acid and lysine would
contain primary amino groups after removing the protecting group.
An example of the proposed copolymerization and deprotection is
shown in Figure 2-5.
25
Figure 2-4
Desired Monomer for Copolymerization with Lactide
0
HC H 0
0 N 0
H -
13
L-Lysine Containing Monomer
Lysine was chosen as the comonomer for several reasons.
First, it provides a side chain amino group for later chemical
attachment reactions. Second, the amino group can be protected
during the polymerization and then easily deprotected afterwards.
Finally, the hydrolytic degradation products of the copolymer, lysine
and lactic acid, are natural substances in the body, and therefore,
should not be toxic.
The benzyl carbamate protecting group was chosen for three
reasons. First, this protecting group prevents the amino group from
reacting during the polymerization. Second, the bond formed by the
protecting group does not interact with the catalyst. Finally, the
protecting group can be removed by a modified hydrogenation
technique that does not affect the main chain ester bonds.
Now that poly (lactic acid-co-lysine) has been identified as a
material that satisfies all of the design requirements set forth in
Chapter 1, the next step is to synthesize this copolymer. There are
three steps involved in the synthesis of poly (lactic acid-co-lysine):
1) monomer synthesis, 2) copolymerization, and 3) deprotection of
the lysine residue. These steps are described in Chapters 3, 4, and 5.
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Figure 2-5
Copolymerization Scheme
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CHAPTER 3
MONOMER SYNTHESIS: INCORPORATION OF LYSINE
3.1 Introduction
Poly (lactic acid) is synthesized by a ring-opening
polymerization of lactide, a cyclic dimer of two lactic acid residues
as shown previously in Figure 2-2. A more detailed description of
the mechanism is given in Chapter 4. In order to synthesize the
copolymer of lactic acid and lysine, it was first necessary to
synthesize the monomer in Figure 2-4.
A survey of the literature provided two applicable methods for
the synthesis of the monomer in Figure 2-4 (which will be referred
to as the lysine monomer). The first method describes the formation
of 3-(butyl-4-carbonylbenzoxy amino)-6-benzyl-2,5-
morpholinedione by a five step procedure46. The product from this
reaction contains the protected lysine residue, but the substituent
at the 6 position is different.
The second approach to synthesizing the lysine monomer is
illustrated in Figure 3-1. This pathway has only been used to make
alkyl substituted 2,5-morpholinediones 40-45. The incorporation of a
protected lysine residue has not been attempted, but only two steps
are required for this synthesis. The amide bond is formed first by
reaction with an a-bromoacyl bromide, which is the a-hydroxy acid
equivalent. Replacing the hydroxy group with the bromide serves
two purposes. It prevents the hydroxy group from reacting with the
acyl bromide during the amide formation, and it provides a good
leaving group for the formation of the ester. After the amide is
formed, the ring is closed through ester bond formation which takes
place by an SN2 displacement of the bromide by the carboxylate
anion.
Each of the two approaches offers different advantages. The
first method describes the synthesis of a 2,5-morpholinedione with
the required protected lysine residue. However, this procedure is
28
Figure 3-1
Helder Monomer Synthesis
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long and complicated, and the purification is limited to relatively
small quantities. The second approach is much simpler and has
produced gram quantities of product, but it has only been used to
synthesize simple alkyl substituted morpholinediones. Since it is
essential to have reasonably large quantities of this monomer for
subsequent polymerizations, the second approach was taken.
The stereochemistry of the monomers is important for three
reasons. First, the stereochemistry may affect the polymerization.
For example, the enthalpy of polymerization of L,L-lactide is
relatively high compared to other six-membered monomers. This
higher value is attributed to the bond oppositions and angle
distortions of the skew-boat conformation of L,L-lactide47, 48. The
D,L-lactide should be able to assume a less strained chair
conformation. Second, the stereochemistry of the repeat units in
the polymer may affect its properties. D,L-polylactic acid degrades
more quickly than the partially crystalline L,L-polylactic acid since
D,L-polylactic acid is amorphous. Third, the L compounds may be
accepted more readily in an in vivo situation than the D compounds.
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This chapter describes the synthesis of the desired monomer
in Figure 2-4 by the general method outlined in Figure 3-1.
3.2 Results and Discussion
Initially the first step of the synthesis shown in Figure 3-2
was performed with a racemic mixture of a-bromopropionyl bromide
that was commercially available. This synthesis produced a mixture
of diastereomers that could be separated by silica gel
chromatography to yield enantiomerically pure products, 22 and 23.
However, this separation was quite difficult. In order to avoid this
purification step entirely, enantiomerically pure D-a-bromo
propionyl chloride and L-a-bromo propionyl chloride were
synthesized. The synthesis of the D-cx-bromo propionyl chloride is
shown in Figure 3-3. By using the appropriate a-bromo propionyl
chloride stereoisomer, compounds 22 and 23 can be synthesized
without the use of silica gel chromatography as shown in Figure 3-4.
When 22 and 23 were cyclized as shown in Figure 3-5, the D,L
compound (22) underwent cyclization and inversion very smoothly,
producing the L,L-lysine monomer 28 in excess of 95%. However,
during the synthesis of the L,L compound (23), 75% of the expected
D,L-lysine monomer 29 and 25% of the L,L-lysine monomer 28 were
produced. This type of epermization has also been reported for other
substituted morpholinedione derivatives44.
A reason for the different reactions of 22 and 23 can be seen
by examining Figure 3-5 more closely. When the Br is positioned
correctly, the approach of the carboxylate anion is sterically
hindered by the methyl group for the formation of 29, the D,L-lysine
monomer. Due to this steric hinderance, racemization occurs. This
steric problem is not as great for the formation of 28, the L,L-
lysine monomer, and therefore, less racemization occurs. This
reasoning supports the observed ratio of diastereomers in the
reaction products.
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Cyclization through Ester Formation
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Conformation of Lysine Monomers
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Figure 3-7
Proton Coupling of a Mixture of 28 and 29 (Approximate 1:2 Ratio)
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As shown in Figure 3-6, placing the substituents of these 6-
membered rings in the equatorial positions suggests that the D,L-
lysine monomer is in a modified chair conformation and that the L,L
is in a twist-boat conformation. These proposed conformations are
in agreement with the conformation for L,L-lactide47 and are
supported by the coupling in the 1H NMR as shown in Figure 3-7. The
amide proton can not couple to the lysine CH of the L,L-lysine
monomer since the two protons are at 900. It was confirmed that
the additional coupling was due to the amide proton by irradiating
the amide proton and observing the changes to the spectrum.
Irradiating the L,L amide proton caused. no change to the spectrum.
However, irradiating the D,L amide proton caused the additional
coupling to collapse as shown in Figure 3-8.
3.3 Conclusions and Future Work
Overall, the L,L-lysine monomer (28) can be synthesized with
greater than 95% stereochemical purity. However, due to steric
hinderance, some racemization occurs during the formation of the
D,L-lysine monomer (29), resulting in a 75/25 mixture of D,L to L,L.
Since no easy separation of the two cyclic diastereomers was
available, most of the polymerization studies were conducted using
the more stereochemically pure L,L-lysine monomer (28).
There are several areas for future work. The silica gel column
chromatography used for the purification of the monomer is
currently limited in batch size. This purification method needs to be
scaled up further or a new purification method needs to be
developed. Although both D- and L-lactic acid enantiomers were
used in the monomer synthesis, only the L enantiomer of lysine was
used. It would be interesting to synthesize the L-lactic acid/D-
lysine and D-lactic acid/D-lysine combinations. It is expected that
the L,D monomer would suffer from the same racemization problem
as the D,L-lysine monomer (29) did. However, the D,D combination
should produce a stereochemically pure compound.
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3.4 ExDerimental
3.4.1 Equipment and Materials
N,e-(carbonylbenzoxy)-L-lysine, D-alanine, and L-alanine were
purchased from Sigma. D,L-a-bromo propionyl bromide was
purchased from Aldrich. The plates for the TLC were purchased from
Analtech and were Hard Layer Slica Gel HLF Uniplates with an
organic binder and a fluorescent indicator UV254. The column for
the silica gel column chromatography was from Ace Glass while the
silica gel was Silica Gel 60, 70-230 mesh purchased through VWR.
Melting endotherms were obtained with a Perkin-Elmer DSC-7.
Specific rotations were measured in dioxane at room temperature,
23 OC, on a PolyScience Corp. SR-6 Polarimeter. IR spectra were
recorded on a Perkin-Elmer 1420 ratio recording instrument. UV
spectra were recorded on a Perkin-Elmer 553 Fast Scan UV/VIS
Spectrophotometer. 1H NMR and 13C NMR were recorded on an
instrument from Bruker at 200 MHz and 50 MHz, respectively.
Abbreviations used include singlet (s), broad singlet (bs), doublet
(d), triplet (t), quartet (q), and unresolved multiplet (m). Mass
spectra were recorded on a Finnigan 8200 mass spectrometer using
electron impact ionization. Elemental Analysis was performed by
Galibraith Laboratories, Knoxville, TN.
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3.4.2 Procedures
Figure 3-2 provides additional information. The products are:
Br H O
CH3
O\
OH
20
Ia . I
H Br H
CH3 CH 3
22 23
(R,S)-N 2 -(2-bromo-1-oxopropyl)-N 6 -[(phenylmethoxy)
carbonyl]-L-lysine (20); Peak 1: (R)-N 2 -(2-bromo-1-
oxopropyl)-N 6 -[(phenylmethoxy) carbonyl]-L-lysine (22);
Peak 2: (S)-N 2 -(2-bromo-1-oxopropyl)-N 6 -
[(phenylmethoxy) carbonyl]-L-lysine (23): In a typical
reaction, N6 -[(phenylmethoxy) carbonyl]-L-lysine (19) (14.45 g,
0.052 mol) was added with stirring to 200 ml of chloroform which
was dried over molecular sieves. A slurry formed and was stirred
for 20 minutes. D,L-a-bromo propionyl bromide, 97% (2.7 ml, 0.025
mol) was added to 10 ml of chloroform, and this mixture was slowly
added over 20 minutes to the slurry of protected lysine. The
reaction was followed by TLC. Reaction times varied from 2 hours
to 24 hours. The reaction mixture never became a clear solution.
When the reaction was determined to be complete, the products were
purified. Two different purification procedures were used over the
course of the project. In the early studies, the chloroform layer was
washed 3 times with 200 ml of slightly acidic, pH 2-3, water.
However, after the addition of the first aqueous wash, additional
solids formed. Before proceeding with the washes, both layers were
filtered together to remove the precipitate. After the washes were
40
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complete, the chloroform layer was dried over Na2SO4 and then
concentrated by evaporation. The viscous residue was put under high
vacuum for 2 days. In later studies no water washes were
performed. The solids still remaining at the end of the reaction
were removed by filtration. It was necessary to thoroughly rinse
these solids with additional chloroform in order to extract all of the
product, which was soluble in the chloroform. After removing the
solids, the solution was concentrated by evaporation and then put
under high vacuum or used in the cyclization reaction without
further purification. To separate the diastereomers, a column of
silica gel was prepared. The eluent was chloroform / methanol /
acetic acid in a ratio of 95/5/3 and the column dimensions were 57
x 7.5 cm. The mixture (4.7 g in 10 ml of eluent) was applied to the
column. The first diastereomer eluted from 3000 ml to 3400 ml.
Overlap occurred from 3400 ml to 3900 ml, and the second
diastereomer was collected from 3900 ml to 4100 ml. In later
experiments, it was found that using dichloromethane / acetone /
acetic acid in a ratio of 75/24/1 produced a better separation
without any overlap. The solvent was removed by rotoevaporation.
Petroleum ether was used to extract the final residues of acetic
acid from the samples. The resulting white powders were dried
under vacuum.
(20): The following results were obtained on the mixture of
diastereomers which were purified with the inclusion of the water
washes. Yield 76% (7.94 g, 0.019 mol): TLC R 0.21 and 0.26
(chloroform / methanol / acetic acid - 95/5/3); TLC Rf 0.26 and 0.32
(dichloromethane / acetone / acetic acid 75/24/1); 1H NMR (CDC 3) 8
1.44 (m, 4H, 2 CH2's), 1.73-1.84 (overlapped doublets over m, J=6.9
Hz, J=6.9 Hz, 5H, CH 2, CH 3), 3.18 (m, 2H, CH2 next to carbamate),
4.44 (overlapped quartets, J=6.9 Hz, J=6.9 Hz, 1H, BrCHCH 3), 4.57 (m,
1H, HNCHCH 2), 5.1 (m, 3H, CH2Ph and amide NH), 7.2-7.3 (m, 6H,
aromatic protons and carbamate NH), 9.96 (bs, 1H, COOH); 1H NMR
(DMF-d 6) 8 1.48 (m, 4H, 2 CH 2's), 1.70-1.86 (overlapped doublets over
m, J=6.7 Hz, J=6.7 Hz, 5H, CH2, CH 3), 3.11 (m, 2H, CH2 next to
carbamate), 4.36 (m, 1H, HNCHCH 2), 4.73 (overlapped quartets, J=6.7
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Hz, J=6.7 Hz, 1H, BrCHCH3), 5.06 (s, 2H, CH 2Ph), 7.15 (t, J=5.3 Hz, 1H,
carbamate NH), 7.3-7.4 (m, 5H, aromatic protons), 8.46 (overlapped
doublets or m, J=7.1 Hz, 1H, amide NH), carboxylic acid proton not
observed; 13C NMR (DMF-d 6) 8 22.0 (CH3), 22.3 (CH3), 23.4 (CH2), 29.9
under solvent (CH2), 31.7 (CH2), 31.8 (CH2), 41.0 (CH2 next to
carbamate), 44.0 (CHBr), 44.1 (CHBr), 53.0 (CHNH), 65.9 (CH2Ph),
128.1, 128.2 and 128.9 (aromatic carbons), 138.2, 169.7, 169.9,
173.6 and 173.7 (carbonyl carbons).
Peak 1 (22): TLC Rf0.26 (chloroform / methanol / acetic
acid - 95/5/3); IR (CHCI3, cm- 1) 3500-2400 (carboxylic acid OH)
3440, 3390, 3310 (amide and carbamate NH), 3100-3000 (aromatic),
1740-1640 (several overlapped peaks, carboxylic acid, carbamate,
and amide I); 1H NMR (CDCI 3) 8 1.44 (m, 4H, 2 CH2's), 1.74-1.85
(doublet over m, J=6.9 Hz, 5H, CH2, CH3 ), 3.18 (m, 2H, CH2 next to
carbamate), 4.44 (q, J=6.9 Hz, 1H, BrCHCH3), 4.56 (m, 1H, HNCHCH 2),
5.1 (m, 3H, CH 2 Ph and amide NH), 7.2-7.3 (m, 6H, aromatic protons
and carbamate NH), 9.78 (bs, 1 H, COOH); MS m/z (relative intensity)
334 ([M-HBr]+), 309 (1.15), 307 (1.16), 228 (25.6), 128 (33.4), 108
(28.0), 91 (100), 79 (23.4). Anal. Calcd for C17H23BrN 205: C, 49.17;
H, 5.58; Br, 19.24; 0, 19.26. Found: C, 48.29; H, 5.77; Br, 17.28; 0,
18.93.
Peak 2 (23): TLC Rf 0.21 (chloroform / methanol / acetic
acid - 95/5/3); IR (CHCI 3, cm- 1 ) 3500-2400 (carboxylic acid OH),
3440, 3390, 3310 (amide and carbamate NH), 3100-3000 (aromatic),
1740-1640 (several overlapped peaks, carboxylic acid, carbamate,
and amide I); IR (KBr, cm- 1) 3500-2600 (carboxylic acid OH), 3350,
3280 (amide and carbamate NH), 3100-3000 (aromatic), 1740, 1715,
1685, 1655, 1630 (CO - carboxylic acid, carbamate, and amide I),
1545 (amide II); 1H NMR (CDCI 3) 8 1.50 (m, 4H, 2 CH2's), 1.80-1.89
(doublet over m, J=6.9 Hz, 5H, CH 2, CH 3), 3.22 (m, 2H, CH2 next to
carbamate), 4.47 (q, J=6.9 Hz, 1H, BrCHCH 3), 4.59 (m, 1H, HNCHCH 2),
5.0-5.2 (m, 3H, CH 2 Ph and amide NH), 7.1-7.3 (m, 6H, aromatic
protons and carbamate NH), 8.77 (bs, 1 H, COOH); MS m/z (relative
intensity) 334 ([M-HBr]+), 309 (0.85), 307 (0.79), 228 (16.5), 128
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(27.8), 108 (34.0), 91 (100), 79 (34.4). Anal. Calcd for
C17H23BrN205: C, 49.17; H, 5.58; Br, 19.24; 0, 19.26. Found: C,
49.25; H, 5.72; Br, 20.15; 0, 19.12.
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(3S-cis, 3S-trans)-phenylmethyl ester-[4-(6-methyl-2,5-
dioxo-3-morpholinyl) butyl]-carbamic acid (28 and 29): In a
typical reaction, (R,S)-N 2-(2-bromo-l-oxopropyl)-N 6-
[(phenylmethoxy) carbonyl]-L-lysine (20) (5.835 g, 0.014 mol) was
dissolved in chlorofrom that had been dried over molecular sieves.
NEtiPr2 (2.45 ml, 0.014 mol) was diluted with 50 ml of chloroform
and added to the reaction with stirring. The reaction was heated to
reflux for 8 hours. The reaction was followed by TLC. When the
reaction was complete, the solvent was removed by evaporation, and
the sample was put under high vacuum. The sample was a waxy solid
which would turn to a hard powder if put under vacuum long enough
(1 week). This crude reaction product was purified by silica gel
column chromatography. A column of silica gel was prepared. The
eluent was chloroform / methanol / acetic acid in a ratio of 95/5/3
and the column dimensions were 59 x 7.5 cm. The reaction product
was applied to the column (5.2 g in 10 ml of eluent). The product
eluted from 2400 ml to 2700 ml. The solvent was removed by
evaporation. After this step, a viscous residue remained in the
flask. A white precipitate was formed when petroleum ether was
added to the residue with stirring. The resulting white powder was
dried under vacuum. Yield 66% (2.097 g, 0.0063 mol). The sample
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was recrystallized from ethyl acetate. Yield 49% (1.036 g, 0.0031
mol): TLC Rf0.46 (chloroform / methanol / acetic acid - 93/5/2);
Melting endotherm onset (2 oC/min) 117.8 oC, (10 OC/min) 119.4 OC;
[a] 5 8 92 3 -50.2 (0.003488 g/ml dioxane), IR (KBr, cm- 1) 3320, 3190
(amide and carbamate NH), 3100-3000 (aromatic), 1755 (CO -
carboxylic acid), 1690 (CO - carbamate and amide 1), 1540, 1520
(amide II type from carbamate); 1H NMR (DMF-d 6) 6 1.4-1.6
(overlapped doublets over m, J=6.8 Hz, J=7.0 Hz, 7H, 2 CH2's and
CH3), 1.88 (m, 2H, CH2), 3.13 (m, 2H, CH2 next to carbamate), 4.25
(td, J=3.0 Hz, J=6.5 Hz, 0.37H, HNCHCH2), 4.43 (t, J=5.4 Hz, 0.63H,
HNCHCH2), 5.07 (s, 2H, CH2Ph), 5.16 (q, J=6.7 Hz, 1H, OCHCH 3 ), 7.15
(t, J=5.3 Hz, 1H, carbamate NH), 7.2-7.4 (m, 5H, aromatic protons),
8.36 (s, 0.63H, amide NH), 8.50 (d, J=2.2 Hz, 0.37H, amide NH); 13C
NMR (DMF-d 6) 8 16.1 (CH3), 17.2 (CH3), 22.6 (CH2), 22.8 (CH2), 29.9
under solvent (CH2), 30.2 under solvent (CH2), 33.0 (CH2), 41.0
(CH2NHCOO), 53.8 (CHNH), 54.7 (CHNH), 66.0 (CH2Ph), 74.8 (CHCH 3),
74.9 (CHCH 3), 128.28, 128.31 and 129.0 (aromatic carbons), 138.4,
168.3, 168.9, 169.6 and 170.0 (carbonyl carbons); MS m/z (relative
intensity) 334 (M+), 227 (21.1), 127 (16.7), 108 (100), 107 (24.0),
91 (91.1), 79 (35.6), 56 (30.0); High Resolution MS Calcd for
C17H 22N20 5 : 334.1529. Found: 334.1527.
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(3S-cis)-phenylmethyl ester-[4-(6-methyl-2,5-dioxo-3-
morpholinyl) butyl]-carbamic acid (28): As above, but with
(R)-N 2-(2-bromo-1l-oxopropyl)-N 6 -[(phenylmethoxy) carbonyl]-L-
lysine (22) from the silica gel column chromatography. No
recrystallization. TLC Rf 0.46 (chloroform / methanol / acetic acid -
93/5/2); Melting endotherm onset, batch 1 (5 OC/min) 127.0 oC,
batch 2 (10 oC/min) 132.7 oC, Direct synthesis (5 OC/min) 136.2 GC;
[a]58923 -87.0 (0.01120 g/ml dioxane) actually a sample with proton
ratio of 0.95/0.05, IR (KBr, cm- 1) 3330, 3220 (amide and carbamate
NH), 3100-3000 (aromatic), 1750 (CO - carboxylic acid), 1685 (CO -
carbamate and amide 1), 1530 (amide II type from carbamate); UV
1.418 g/L CHCI 3 (absorbance), 243.0 (0.54), 252.9 (0.69), 258.7
(0.84), 263.5 (0.71), 268.5 (0.43), 1H NMR (DMF-d 6) 6 1.43 (d, J=6.8
Hz, 3H, CH3), 1.51 (m, 4H, 2 CH2's), 1.7-2.0 (m, 2H, CH2), 3.12 (m, 2H,
CH 2 next to carbamate), 4.25 (td, J=3.2 Hz, J=6.5 Hz, 0.03H,
HNCHCH 2), 4.44 (t, J=5.4 Hz, 0.97H, HNCHCH 2), 5.06 (s, 2H, CH2Ph),
5.16 (q, J=6.8 Hz, 1H, OCHCH 3), 7.19 (t, J=5.4 Hz, 1H, carbamate NH),
7.2-7.4 (m, 5H, aromatic protons), 8.38 (s, 0.97H, amide NH), 8.52 (s,
0.03H, amide NH); 13C NMR (DMF-d6) 8 16.1 (CH3), 22.6 (CH2), 41.0
(CH 2NHCOO), 53.8 (CHNH), 66.0 (CH2Ph), 74.78 (CHCH 3), 74.82
(CHCH 3 ), 128.28, 128.32 and 129.0 (aromatic carbons), 138.4, 169.6
and 170.1 (carbonyl carbons); MS m/z (relative intensity) 334 (M+),
227 (18.0), 127 (13.4), 108 (72.8), 107 (23.4), 91 (100), 79 (24.0),
56 (21.1).
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(3S-trans)-phenylmethyl ester-[4-(6-methyl-2,5-d ioxo-3-
morpholinyl) butyl]-carbamic acid (29): As above, but with
(S)-N 2 -(2-bromo-1-oxopropyl)-N 6 -[(phenylmethoxy) carbonyl]-L-
lysine (23) from the silica gel column chromatography. No
recrystallization. TLC Rf 0.46 (chloroform / methanol / acetic acid -
93/5/2); Melting endotherm onset (5 oC/min) First peak 74.7 0C,
Second peak 103.4 OC, Direct synthesis (5 OC/min) First peak 100 oC,
Second peak 105.7 0C; 1H NMR (DMF-d 6) 8 1.4-1.6 (overlapped
doublets over m, J=6.9 Hz, J=6.9 Hz, 7H, 2 CH2's and CH3 ), 1.7-2.0 (m,
2H, CH2), 3.12 (m, 2H, CH2 next to carbamate), 4.24 (td, J=3.2 Hz,
J=6.5 Hz, 0.75H, HNCHCH 2), 4.44 (t, J=5.4 Hz, 0.25H, HNCHCH 2), 5.06
(s, 2H, CH 2 Ph), 5.13 (q, J=6.9 Hz, 1H, OCHCH 3), 7.19 (t, J=5.4 Hz, 1H,
carbamate NH), 7.2-7.4 (m, 5H, aromatic protons), 8.36 (s, 0.25H,
amide NH), 8.51 (d, J=2.1 Hz, 0.75H, amide NH).
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D-Alanine D-a-bromo propionyl chloride
D or L-a-bromo propionyl chloride (26) or (27): D or L-
alanine (50 g, 0.56 mol) was dissolved in a mixture of 580 ml of 48%
aqueous HBr and 800 ml of water, and cracked ice was added to give
a total volume of 3.4 L. NaNO2 (104.3 g, 1.51 mol) was added in
small portions with stirring, followed by 700 g of Na2SO4. When the
stirred reaction had warmed to 15 oC, it was decanted from the
solids and divided into three portions. Each portion was extracted
four times with 125 ml of Et20. All the Et20 was combined, dried
over Na2SO4 and then CaC12, and then concentrated by evaporation.
The entire procedure was repeated up to this point. The two batches
were combined and distilled under vacuum using aspiration. The
vacuum was not determined, but a forerun was collected initially
from about 25-60 OC while the product was collected from 100-104
oC, 103-116 oC, and 110-122 OC on three different occasions (lit.
104-108 oC at 25 torr). Yield 60% (103.9 g, 0.68 mol). Next, 70 ml
(114.5 g, 0.96 mol) of SOCI2 was added to the distilled product. This
reaction was heated to 60 oC for 8 hours and then left at room
temperature for 60 hours. The reaction mixture was distilled under
vacuum using aspiration. The vacuum strength was not determined,
but the product was collected from 30-36 oC, 30-56 oC, and 31-56
OC on three different occasions. Yield 74% (86.3 g, 0.50 mol).
[a]58923 +23.6 (0.04324 g/ml dioxane) for the D compound [literature
value [a]57815 -27.1 (neat) for the L compound from online data
retrieval from the Beilstein database], IR (neat, cm-1) 1775 (CO); 1H
NMR (CDC13) 5 1.93 (d, J=6.9 Hz, 3H, CH3), 4.65 (q, J=6.9 Hz, 1H, CH).
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CHAPTER 4
COPOLYMER SYNTHESIS
4.1 Introduction
Polyglycolic acid and polylactic acid can be synthesized by
both condensation49 51 and ring-opening11 mechanisms. However,
there are many problems associated with condensation
polymerizations, including: 1) difficult condensate removal required
to obtain even moderate molecular weight products, 2) side
reactions which create the necessity for by-product removal, and 3)
a lack of end group control 39, 52. One particular side reaction
associated with the polycondensation of hydroxy acetic acid is
shown in Figure 4-1. Depolymerization to form glycolide competes
with chain extension.
In order to overcome the disadvantages of condensation
polymerization, a new strategy was developed. First low molecular
weight polyglycolic acid was formed, and then the conditions were
altered by the addition of a catalyst to obtain high yields of
glycolide53, 54. An analagous procedure has been used to produce
lactide, 8, from lactic acid55 . These purified cyclic dimers were
found to polymerize by ring-opening mechanisms to very high
molecular weights using a variety of catalyst/initiator systems.
Many catalyst/initiator systems have been investigated
including heavy metal salts and oxides 10 , 11, 34, 48, 52, 53, 55-71,
cationic type initiators such as protic acids72, 73, and anionic type
initiators based on sodium or potassium ions74, 75. However, it has
been fairly well established that the catalyst/initiator systems
based on the tin compounds produce the best results overall 11, 48, 55,
56, 58-65, 71 while stannous octoate, in particular, has consistently
produced the highest molecular weights. Good overall reviews of the
ring-opening polymerizations of lactones are available39, 76, 77
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As discussed in Chapter 2, incorporating lysine into the
backbone of polylactic acid will greatly increase the number of
possible applications for this polymer system. Based on the
evidence for the homopolymerizations of glycolic acid and lactic
acid, it was determined that using the ring-opening polymerization
with stannous octoate as the initiator would have the greatest
opportunity for success. The identification and synthesis of an
appropriate monomer for the copolymerization of lysine and lactic
acid have been described in Chapters 2 and 3. In Chapter 4, the
mechanism of the ring-opening polymerization is described first,
and then the results from the copolymerization of the lysine
monomer with lactide are discussed.
4.2 Ring-Opening Polymerization Mechanism
Several mechanisms have been proposed over the years for the
ring-opening polymerization of glycolide and lactide using the tin
catalyst/initiator systems. However, evidence for these
mechanisms has been lacking. Recently, though, Kricheldorf et. al.67-
71 have provided strong evidence that the propagation step of the
polymerization proceeds by a nonionic coordination insertion
reaction as shown in Figure 4-2. This insertion step breaks the
acyl-oxygen bond. It is essential that an Sn-O bond be present in
order for the insertion of the monomer to occur. If a tin compound
without an Sn-O bond, such as SnBr4 ,is used, it first reacts with
the monomer through alkyl-oxygen cleavage to produce an Sn-O bond
as shown in Figure 4-3. When SnBr4 was used as the initiator, the
alkyl-Br end group was detected by 1H NMR. When Bu3SnOMe was
used as the initiator, only methyl ester end groups were detected.
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Figure 4-2
Propagation by Nonionic Coordination Insertion Mechanism
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This mechanism predicts that the molecular weight of the
resulting polymer should increase with decreasing initiator
concentration and that the polydispersity should be 1. For
unsubstituted lactones, it has been found that the molecular weight
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does increase with decreasing initiator concentration as expected69.
Polydispersities greater than 1 occur because initiation is not
faster than propagation and because the tin initiators cause
transesterification. This reaction randomizes the polymer chains,
thereby increasing the polydispersity values.
In the case of substituted lactones such as lactide, 8, the
molecular weight seems to be independent of the initiator
concentration over a wide range. This discrepancy can be attributed
to the inability of the substituted ring to undergo the alkyl-oxygen
cleavage reaction shown in Figure 4-3. The substituent sterically
hinders the reaction. When lactide was polymerized using the SnBr4
initiator, no Br residues were present in the resulting polymers,
indicating that the monomer did not insert into the Sn-Br bond by
any mechanism71 .
The true initiating species, then, must be the product of the
SnBr4 compound and an oxygen containing contaminant such as
water, lactic acid, or its linear dimer, lactidyl lactic acid. In
support of this theory, it has been found that increasing the purity
and dryness of the reaction, which in essence decreases initiator
concentration, results in increased molecular weights. These
results suggest that when tin initiators without proper Sn-O bonds
are used for the polymerization of substituted lactones, it is
necessary to have a coinitiator.
The molecular weights of polymerizations initiated by
stannous octoate also seem to be independent of initiator
concentrations even though stannous octoate contains Sn-O bonds.
However, the oxygen component is in the form of a carboxylate anion
and may be too stable and/or not active enough to allow insertion.
Leenslag61l has also noted that the hydrolysis products of stannous
octoate, 31 and 32 shown in Figure 4-4, are more active initiators
than the starting product. Therefore, stannous octoate also seems
to require a coinitiator.
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Figure 4-4
Stannous Octoate Hydrolysis
0
II
O-C-R OH
Sn + H20 Sn + RCOOH
O-C-R O-C-R
II II
O 0
30 31
30 + 31 RCOOH + R-C-O-Sn-O-Sn-O-C-R
II II
O O
32
R= -CH- (CH2)4 - CH3
CH 2CH3
The lysine monomer (shown in Figure 2-4) is a substituted
morpholinedione and contains both an amide and an ester bond in the
ring. Both of these functional groups could polymerize by a ring
opening mechanism. However, 6-member ring lactams are generally
more difficult to polymerize than 6-member ring lactones 76, and so
it would be expected that the polymerization would proceed through
cleavage of the ester. This expectation has been confirmed by 13C
NMR. After the polymerization of the morpholinedione, only one set
of carbonyl signals was observed44. This observation indicates that
the polymer is perfectly alternating between the amino acid and
lactic acid. If cleavage of both the ester and the amide had
occurred, a more random structure would have been generated which
would have produced a much more complicated 13C NMR pattern.
It is expected that the ester of a morpholinedione will have a
reactivity very similar to the reactivity of the esters in lactide, due
to the fact that the amide structure with its partial double bond
character will increase the ring strain. Copolymerizations with
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lactide and methyl substituted morpholinediones at monomer ratios
of 1:1 yielded polymers with the same mole ratio4 1, 43, 45. This
incorporation rate suggests that lactide and methyl substituted
morpholinediones have similar reactivities. However, larger
substituents could decrease the reactivity of the monomer as
explained below.
In general, the free energy change of a ring-opening
polymerization is determined by two opposing effects. The enthalpy
change is usually negative due to a release of ring strain and
possible crystallization of the polymer. The entropy of a monomer
unit incorporated into polymer decreases due to a loss of
translational motion. Since AG = AH - TAS, the contribution of the "-
TAS" term is positive. Therefore, a ceiling temperature will exist
where the positive entropy contribution will finally outweigh the
small negative enthalpy change76 . Above this temperature,
polymerization is not possible due to unfavorable thermodynamics.
Substituents tend to make the reaction less exothermic due to
gauche interactions that exist in the substituted polymer..
Conformational analysis, based on a chair structure for the monomer
and a planar zigzag structure for the polymer, allows one to
interpret the enthalpy component of AG as arising from the release
of gauche interactions7 6. Substitution reduces the decrease in the
number of gauche interactions on polymerization and that leads to
reduced polymerizability through the reduction of AH. However,
monomers that do not homopolymerize due to substituents may still
copolymerize with the proper choice of reaction conditions and
comonomer(s).
The polymerizability of the lysine monomer may be very low
due to the large substituents. However, homopolymerization would
actually be undesirable because it would produce a copolymer with
50 mole percent lysine and 50 mole percent lactic acid. At this
concentration of lysine, the good physical strength characteristics
of polylactic acid would be lost, and the desirable degradation
properties would be disrupted. The desired concentration of lysine
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is 1-10 mole percent. In this range, the good physical strength
characteristics should remain, yet the side chain amino groups of
the lysine residues are available for the attachment of biologically
active moieties.
Since these moieties are very active, they do not need to be
present in very large concentrations. For example, only 1 fmol/cm2
of the RGD adhesion peptide is necessary to cause cells to adhere to
a previously non-adherent surface78 . This value corresponds to a
copolymer content of 0.000072 mole percent lysine, assuming a
polymer density of 1 g/cm3 and an access layer 10 A. Because many
factors may decrease the availability of the lysine residues, the
lysine content of the copolymer must exceed the low value cited
above.
4.3 Results and Discussion
A series of polymerizations was performed under the
experimental conditions described in Section 4.4. With the current
experimental apparatus, up to five polymer samples can be
synthesized at a time. Each polymerization is summarized below in
a table. The effects of several variables on the polymer properties
were analyzed. Several important polymer properties were
measured including: (1) copolymer composition, (2) molecular
weight values, which relate to the copolymer processibility and
strength characteristics, and (3) thermal transitions, which can
affect end use properties such as degradation rate. The following
abbreviations are used in the data tables: Lys, lysine; Mn, number
average molecular weight; Mw, weight average molecular weight;
PD, polydispersity (Mw/Mn); Tg, glass transition temperature; and
Tm, crystalline melting temperature. The reaction variables studied
included: (1) monomer ratios, (2) time, (3) temperature, (4) catalyst
concentration, and (5) monomer stereochemistry. Chemical
characterization results for selected samples are reported in Table
4-19.
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4.3.1 Effects of Monomer Ratio
The copolymer composition is an important factor in
determining the properties of a copolymer. Thus, being able to
control the monomer ratio of the copolymer is very important. As
can be seen from Table 4-1, the amount of lysine in the copolymer
can be increased by increasing the initial lysine monomer
concentration in the reaction mixture. However, only 40-50% of the
available lysine residues were actually incorporated into the
polymer structure. There were several other negative effects
caused by increasing the lysine monomer content in the reaction
mixture. For example, both the molecular weight and the overall
yield of copolymer decreased when the amount of lysine monomer
was increased.
Effect of
Table 4-1
Polymerization Series 1
Monomer Ratio on 48 Hour Polymerization at 136 oC Using
L,L-Lactide and L,L-Lysine Monomer (28)
UV
% Lys Intensity
Monomer Mn Mw PD Yield Lys* Tg Tm Ratio
(28) (g/mol) (g/mol) (%) (%) (oC) (oC) 243/259
0.0 132,000 223,000 1.70 85 0.0 61.6 169.4 3.27
5.3 14,500 36,700 2.53 71 1.3 57.5 t155.3 1.22
10.5 8,400 23,000 2.74 57 2.2 55.8 t152.8 1.02
27.7 12,300 15,000 1.22 20 5.3 52.4 none 0.83
100.0 ---- ---- --- 0
*Determined by 1 H NMR. 10% Lysine Monomer will result in a maximum of 5% lysine
since each Lysine Monomer has one lysine residue and one lactic acid residue.
tlndicates 2 or more melting endotherms.
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The decreasing molecular weight can be attributed to the
slower polymerization kinetics for the lysine monomer compared to
lactide, which is expected due to the substituents on the lysine
monomer. During the reaction, the molecular weight is lowered by
both the competing depolymerization reactions and also other non-
specific degradation reactions involving contaminants in the
reaction mixture such as water and oxygen. These non-specific
degradation reactions generally continue at the same rate regardless
of the polymerization rate and thus will have a greater effect on the
molecular weights of the slower polymerizations (i. e. those with
higher lysine monomer concentrations). The slower kinetics and
perhaps also the lower polymerizability of the lysine monomer were
illustrated by the attempt to homopolymerize the lysine monomer,
which failed to yield any methanol insoluble product at all.
One explanation for the yield reduction is that the methanol
precipitation used for purification removes low molecular weight
oligomers, with a cut off around 10,000 g/mol. Thus, the same
mechanisms that cause the molecular weight reductions also tend to
lower the observed yield. Another possible cause of the lower yields
at higher lysine monomer concentrations is the increased relative
rates of degradation reactions compared to polymerization reactions
as described above.
The glass transition temperature, Tg, and the crystallinity of a
polymer can greatly affect its end use properties. For example, a
completely amorphous, hydrolytically biodegradable polymer will
degrade more quickly than one that is crystalline. From Table 4-1,
it can be seen that both the Tg and the melting temperature, Tm, of
the samples decreased as the lysine monomer content in the reaction
mixture was increased. These trends are a result of the increased
protected lysine content of the copolymers.
The presence of the protected lysine residue at relatively low
percentages disrupts the crystalline region slightly, causing the
decrease in Tm and the appearance of two melting endotherms as
indicated. This additional peak is quite small and appears about
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10 OC lower than the dominant peak. As the lysine content in the
copolymer increases, the crystalline region is eventually disrupted
entirely, producing a completely amorphous polymer. Therefore, it
may be possible to change the degradation rate of the copolymer
structure by controlling the crystallinity. This approach is used to
control the degradation rate of lactic acid / glycolic acid
copolymers. However, amorphous polymers often have poorer
strength characteristics.
4.3.2 Effects of Polymerization Temoerature
Another important feature required for this polymer system
is good processibility. Unfortunately, the molecular weights of the
copolymers from Table 4-1 were all too low to produce good
processing characteristics. Therefore, a set of polymerizations was
completed to determine appropriate conditions for improved
molecular weight values. In the first set of experiments to be
discussed, the monomer ratio was held constant at 90% L,L-lactide
to 10% L,L-lysine monomer (28), and the temperature was varied.
Several time points were taken for each temperature. The results
are summarized in Tables 4-2 through 4-8.
Table 4-2
Polymerization Series 2
Effect of Time on 200 oC Polymerization Using
L,L-Lactide to L,L-Lysine Monomer (28) Ratio of 90/10
Time Mn Mw PD Yield Lys*
(Min.) (C/mol) (q/mol) (%) (%)
10 8,900 16,300 1.83 58 2.0
20 9,200 21,100 2.29 56 1.9
30 8,600 10,800 1.26 53 1.9
60 8,800 9,700 1.10 43 2.5
195 6,200 6,900 1.12 25 2.0
*Determined by 1 H NMR. 10% Lysine Monomer will result in a maximum of 5% lysine
since each Lysine Monomer has one lysine residue and one lactic acid residue.
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Table 4-3
Polymerization Series 3
Effect of Time on 180 OC Polymerization Using
L,L-Lactide to L,L-Lysine Monomer (28) Ratio of 90/10
Time Mn Mw PD Yield Lys*(Hours) (g/mol) (g/mol) (%) (%)
0.25 7,700 16,600 2.15 57 1.7
0.50 8,900 15,100 1.70 46 2.4
1.00 11,000 13,500 1.22 56 2.8
2.00 7,500 12,000 1.61 55 2.2
6.00 6,600 8,100 1.22 35 2.2
*Determined by 1
since each Lysine
H NMR. 10% Lysine Monomer will result in a maximum of 5% lysine
Monomer has one lysine residue and one lactic acid residue.
Effect of
L,L-Lactide to
Table 4-4
Polymerization Series 4
Time on 160 'C Polymerization
L,L-Lysine
Using
Monomer (28) Ratio of 90/10
*Determined by 1 H NMR.
since each Lysine Monomer
tVery low crystallinity
10% Lysine Monomer will result in a maximum of 5% lysine
has one lysine residue and one lactic acid residue.
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Time Mn Mw PD Yield Lys* Tg Tm
(Hours) (g/mol) (g/mol) (%) (%) (0C) (OC)
0.5 6,200 7,700 1.24 37 2.1
2.0 9,400 13,700 1.46 61 2.6
4.0 14,800 20,000 1.35 60 2.9 49.9 t129.0
8.0 10,700 15,400 1.43 49 2.7
24.0 8,300 11,400 1.37 42 2.2
Table 4-5
Polymerization Series 5
Effect of Time on
L, L-Lactide
140 OC Polymerization Using
to L,L-Lysine Monomer (28) Ratio of 90/10
*Determined by 1
since each Lysine
H NMR. 10% Lysine Monomer
Monomer has one lysine residue
will result in a maximum of 5% lysine
and one lactic acid residue.
Effect of
L,L-Lactide to
*Determined by 1 H NMR.
since each Lysine Monomer
Table 4-6
Polymerization Series 6
Time on 120 oC Polymerization Using
L,L-Lysine Monomer (28) Ratio of 90/10
10% Lysine Monomer
has one lysine residue
will result in a maximum of 5% lysine
and one lactic acid residue.
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Time Mn Mw PD Yield Lys*
(Hours) (g/mol) (g/mol) (%) (%)
1 11,600 20,300 1.75 67 2.0
4 13,100 23,600 1.79 60 3.2
8 11,900 26,000 2.18 60 2.5
24 10,700 12,600 1.18 60 2.5
49 8,800 12,900 1.46 60 2.4
Time Mn Mw PD Yield Lys* Tg Tm
(Hours) (g/mol) (g/mol) (%) (%) (0 C) (0C)
4 14,800 26,800 1.81 65 1.6
8 12,900 33,400 2.58 68 1.6
24 50,800 62,400 1.23 72 2.2 48.5 151.4
73 28,700 43,000 1.50 72 2.5
120 24,300 38,700 1.59 76 1.9
--- --
Table 4-7
Polymerization Series 7
Effect of Time on 100 OC Polymerization Using
L,L-Lactide to L,L-Lysine Monomer (28) Ratio of 90/10
Time Mn Mw PD Yield Lys*
(Hours) (g/mol) (g/mol) (%) (%)
8 71,400 80,800 1.13 67 2.2
24 56,100 84,100 1.50 76 1.7
72 48,700 64,800 1.33 42 1.2
168 37,200 63,700 1.71 79 1.9
336 87,900 91,700 1.04 N/A 1.8
*Determined by 1 H NMR. 10% Lysine Monomer will result in a maximum of 5% lysine
since each Lysine Monomer has one lysine residue and one lactic acid residue.
Table 4-8
Polymerization Series 8
Effect of Time on 90 OC (800C first 48 hours) Polymerization Using
L,L-Lactide to L,L-Lysine Monomer (28) Ratio of 90/10
Time Mn Mw PD Yield Lys*(Hours) (g/mol) (g/mol) (%) (%)
72 60,000 94,500 1.56 75 1.2
312 2,800 3,700 1.33 46 1.0
474 46,400 87,000 1.87 78 1.9
*Determined by 1H NMR. 10% Lysine Monomer will result in a maximum of 5% lysine
since each Lysine Monomer has one lysine residue and one lactic acid residue.
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The results from this study are very similar to those observed
for homopolymerizations of L,L-Lactide using stannous octoate as
the initiator60 , 61, 79. Two major trends are observed. At each
temperature, there is a maximum molecular weight as shown in
Figure 4-5. This maximum is a result of the competition between
the depolymerization and other degradation reactions versus the
propagation reaction. As the overall monomer concentration
decreases, the propagation reaction slows down. Eventually, the
rate of degradation and depolymerization reactions taken together is
faster than the propagation rate and the molecular weight begins to
decrease.
Figure 4-5
Time Course of Molecular Weight
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The second major trend is illustrated in both Figure 4-5 and
Figure 4-6. Lower polymerization temperatures produce higher
molecular weight polymers, but more time is required to reach the
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maximum molecular weight. There are three factors that may
explain this increase in molecular weight with decreasing
polymerization temperature.
Figure 4-6
Maximum Mw for Each Polymerization Temperature
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The first factor, is the existence of the ceiling temperature.
As this temperature is approached, the equilibrium monomer
concentration rises, causing the maximum possible molecular
weight to decrease. Reported values for the ceiling temperature of
L,L-lactide range from 275 to 640 oC48,61. The lysine monomer
probably has a lower ceiling temperature due to its lower
polymerizability.
A second important factor is the relative rates of the
depolymerization and other degradation reactions versus the
propagation reaction. At higher temperatures all of the reactions
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will be accelerated, but the degradation reactions may be
accelerated more than the propagation reactions. In this case, lower
maximum molecular weights would be observed at earlier time
points for the higher polymerization temperatures.
Finally, these polymers are partially crystalline, and the
melting temperatures are generally around 150 OC. The presence of
crystallinity could have two effects on the molecular weight. First,
the AG for those polymerizations conducted below the crystalline
melting temperature of about 150 OC may be lowered due to the
crystallization of the polymer. Second, the degradation reactions
that lower the molecular weight will probably be slower in the
crystalline regions. This likelihood is supported by the fact that
amorphous (non-crystalline) biodegradable polymers degrade faster
then partially crystalline polymers. Both of these crystallinity
effects would increase the observed molecular weights.
The polymerization conducted at the lowest temperature,
900C, is actually below the melting temperatures of the two
monomers individually. There must have been sufficient melting
point depression due to the mixture of monomers to keep the
reaction contents liquid and thus allow a reasonable rate of
reaction. It is assumed that the polymerization would not proceed
at any appreciable rate in the solid state. The lowest possible
polymerization temperature was not determined, although this
would be a very interesting experiment.
In general, the copolymerizations conducted at monomer ratios
of 75/25 (shown in Tables 4-9 and 4-10) showed trends similar to
those observed for the copolymerizations conducted at monomer
ratios of 90/10. However, the trends for the 75/25 cases were not
as strong due in part to the fact that all of the samples had
molecular weights that were quite low. Most of the molecular
weight values are almost indistinguishable from one another within
experimental error.
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Table 4-9
Polymerization Series 9
Effect of Time on 160 OC Polymerization Using
L,L-Lactide to L,L-Lysine Monomer (28) Ratio of 75/25
Time Mn Mw PD Yield Lys* Tg Tm
(Hours) (g/mol) (g/mol) (%) (%) (°C) (0C)
0.5 8,000 11,100 1.39 28 4.0
1.0 10,300 13,100 1.27 25 5.6
4.0 11,200 13,800 1.23 6 5.8 26.8 none
8.0 9,100 11,700 1.29 13 4.8
24.0 ----- ----- -- 0
*Determined by 1 H NMR. 10% Lysine Monomer will result in a maximum of 5% lysine
since each Lysine Monomer has one lysine residue and one lactic acid residue.
Table 4-10
Polymerization Series 10
Effect of Time on 120 oC Polymerization Using
L,L-Lactide to L,L-Lysine Monomer (28) Ratio of 75/25
Time Mn Mw PD Yield Lys* Tg Tm
(Hours) (g/mol) (g/mol) (%) (%) (0C) (0C)
4.75 12,500 17,700 1.42 32 3.1
8.0 9,100 14,300 1.57 26 3.4
24.1 12,700 15,300 1.21 84 5.2 47.2 t143.3
48.0 13,100 19,700 1.50 51 4.9
120.0 10,900 15,700 1.44 41 3.6
*Determined by 1 H NMR.
since each Lysine Monomer
10% Lysine Monomer
has one lysine residue
will result in a maximum of 5% lysine
and one lactic acid residue.
tOnly small shoulder but also reduced crystallinity.
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Finally, Table 4-11 summarizes the trends of the thermal
transitions and the % lysine incorporated for the time-temperature
study just discussed. Higher polymerization temperatures seem to
cause higher incorporation of lysine, although looking at all of the %
lysine data in Tables 4-2 through 4-10 indicates that the trend is
not as strong as Table 4-11 suggests. The thermal transition data
are similar to that in Table 4-1, indicating that greater
incorporation of lysine decreases both Tg and Tm and eventually
eliminates crystallinity.
Table 4-11
Thermal Transitions and % Lysine Summary
Polymerization
Temperature Lys* Tg Tm
Sample (o C) (%) (0 C) (0 C)
90/10 Monomer Ratio
Table 4-4 160 2.9 49.9 t129.0
Table 4-6 120 2.2 48.5 151.4
Table 4-17 100 1.5 56.2 157.8
75/25 Monomer Ratio
Table 4-9 160 5.8 26.8 none
Table 4-10 120 5.2 47.2 t143.3
Table 4-12 100 1.7 49.2 t146.3
*Determined by 1 H NMR. 10% Lysine Monomer will result in a maximum of 5% lysine
since each Lysine Monomer has one lysine residue and one lactic acid residue.
tLow crystallinity and/or more than one melting endotherm. See original table.
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4.3.3 Effects of Monomer Stereochemistry
Two sets of experiments were conducted to determine if the
two different diastereomers L,L-lysine monomer (28) and D,L-lysine
monomer (29) would polymerize differently. These results are
shown in Tables 4-12 and 4-13. The molecular weight values
obtained were as expected, with higher temperatures and higher
starting lysine monomer concentrations resulting in lower
molecular weights and yields for both monomers. However, in
Polymerization Series 11, the amount of lysine incorporated was
slightly higher for the D,L-lysine monomer at both starting
concentrations. The opposite result was found in Polymerization
Series 12. Much more L,L-lysine monomer was incorporated
compared to the D,L-lysine monomer. Overall the results were
rather inconclusive. One possible reason for these unpredictable
results is the stereochemical purity of the D,L-lysine monomer. The
D,L-lysine monomer samples are actually about 25% L,L and 75% D,L
as discussed in Chapter 3. The recrystallization completed
immediately prior to the polymerization could also change the
diastereomer ratio.
Table 4-12
Polymerization Series 11
Effect of Monomer Ratio and Stereochemistry on
100 OC, 24 Hour Polymerization Using
L,L-Lactide and L,L-Lysine Monomer (28) or D,L-Lysine Monomer (29
%Lys Mn Mw PD Yield Lys* Tg Tm
Monomer (g/mol) (g/mol) (%) (%) (C) (C)
LL, 25 19,700 31,700 1.61 24 1.7 49.2 t146.3
LL, 10 44,100 68,300 1.55 60 1.3
DL, 25 25,400 35,700 1.41 35 2.5 49.5 t144.0
DL, 10 41,100 63,600 1.55 71 1.8 49.1 154.6
*Determined by 1H NMR. 10% Lysine Monomer will result in a maximum of 5% lysine
since each Lysine Monomer has one lysine residue and one lactic acid residue.
tlndicates 2 or more melting endotherms.
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Table 4-13
Polymerization Series 12
Effect of Time and Stereochemistry on
130 OC Polymerization Using a 60 to 40 Ratio of
L,L-Lactide to L,L-Lysine Monomer (28) or D,L-Lysine Monomer (29)
Time Mn Mw PD Yield Lys* Tg Tm
(Hours) (g/mol) (g/mol) (%) (%) (0C) (OC)
LL, 18a 5,000 6,200 1.23 6 3.4 52.2 none
b 3,400 4,500 1.30 23 5.4
LL, 42a 8,000 10,000 1.24 5 4.5 54.8 none
b 4,800 6,500 1.33 7 7.1
DL, 18 11,400 27,200 2.38 6 2.1 55.2 t141.5
DL, 42 6,600 8,400 1.28 2 1.9
*Determined by 1 H NMR. 10% Lysine Monomer will result in a maximum of 5% lysine
since each Lysine Monomer has one lysine residue and one lactic acid residue.
tlndicates 2 or more melting endotherms.
a represents the first precipitation collected.
b represents an additional precipitation which occurred later.
It should also be noted that two polymer fractions were
collected for the L,L-lysine monomer cases for Polymerization
Series 12. The first fractions had slightly higher molecular weights
and lower lysine contents. These % lysine data suggest that at any
given time point the shorter chains have higher concentrations of
lysine residues than the longer chains. This observation supports
the slower polymerization kinetics of the lysine monomer.
4.3.4 Effects of Monomer to Initiator Ratio
In order to further optimize the molecular weight, the
monomer to initiator (M/I) ratio in the polymerization reaction was
varied while the total reaction time and temperature were held
constant. The results are shown in Table 4-14. If each initiator
molecule started only one chain and the polymerization reaction
went to 100% conversion, increasing the (M/1) ratio would increase
the molecular weight of the resulting polymer.
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Table 4-14
Polymerization Series 13
Effect of Monomer to Initiator Ratio (M/I) on 100 0C, 24 Hour
Polymerization Using
L,L-Lactide to L,L-Lysine Monomer (28) Ratio of 90/10
M/I Mn Mw PD Yield Lys* Tg # Tm #
(g/mol) (g/mol) (%) (%) (OC) (0C)
500 38,900 69,100 1.77 78 1.5 49.5 154.5
1,000 44,700 68,900 1.54 63 1.4
5,000 22,700 36,600 1.61 53 1.1 =5 120.1
10,000 ----- ----- --- 1 none t74.3
20,000 ----- ----- --- 2 none t77.4
*Determined by 1H NMR. 10% Lysine Monomer will result in a maximum of 5% lysine
since each Lysine Monomer has one lysine residue and one lactic acid residue.
#Analysis before purification.
tlndicates 2 or more melting endotherms. These two samples also exhibited very sharp
crystallization exotherms during the cooling cycle.
Many factors can change the way that the M/I ratio relates to
the molecular weight of the resulting polymer. One factor is the
competing non-specific degradation reaction. If less initiator is
added to the polymerization, the overall rate of converting monomer
to polymer will decrease. Consequently, for very low initiator
concentrations, the degradation reactions may be faster than the
propagation reactions resulting in no polymer formation at all.
Increasing the rate of polymerization by increasing the initiator
concentration should cause the maximum in a plot of molecular
weight versus time to shift to a shorter time point, and the value of
the maximum should be increased. Of course, at extremely high
initiator concentrations, the maximum molecular weight will occur
very quickly and be very low. This reasoning suggests that with a
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competing degradation reaction, the highest molecular weight
obtainable at each M/I ratio will pass through a maximum.
Another factor that can influence the way that the M/I ratio
relates to the molecular weight of the resulting polymer is the need
for a coinitiator. As discussed in Section 4.2, stannous octoate
probably requires a coinitiator. Assuming that the coinitiator
concentration remains constant and using stannous octoate
concentrations below that of the coinitiator concentration, it should
be possible to see an increase in molecular weight with decreasing
stannous octoate concentration. However, at stannous octoate
concentrations above the constant coinitiator concentration, adding
more stannous octoate should have no affect on the molecular
weights or the rate of polymerization. To determine this possibility
it would be necessary to take several time points for each initiator
concentration to find the maximum molecular weight.
Two comments can be made about the results from the M/I
ratio experiment in Table 4-14. No polymer was formed at the high
M/I ratios. It could be that the reaction times allowed were not long
enough or that the degradation reactions were faster than the
propagation. At the low M/I ratios, the reactions were fast enough
to form high molecular weight polymers. The fact that both the 500
and 1000 M/1 ratios gave almost identical results suggests that both
of these initiator concentrations may be above the coinitiator
concentration. However, it would be necessary to do a time course
study at each M/I ratio to confirm this supposition.
4.3.5 Other Considerations
There was some concern that the lack of adequate mixing may
have been causing the low incorporation rates of the lysine
monomer. To determine whether or not this was the case, the
monomers were dissolved in two different common solvents and
frozen quickly with liquid nitrogen. The solvents were then
sublimated away and the polymerization was carried on as normal.
The solvents used were chloroform and ethyl acetate, and the
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results are given in Table 4-15. The ethyl acetate sample gave
identical results to that of the normal polymerization procedure.
The polymerization involving chloroform actually resulted in a lower
lysine content and molecular weights. The chloroform may have
contained additional impurities that hampered the polymerization.
These results indicate that there is adequate mixing of the
polymerization reactions carried out in the melt.
Table 4-15
Polymerization Series 14
Effect of Coprecipitation ¥ on 100 OC, 36 Hour Polymerization Using
L,L-Lactide to L,L-Lysine Monomer (28) Ratio of 90/10
Solvent Mn Mw PD Yield Lys*
(g/mol) (g/mol) (%) (%)
none 41,300 77,300 1.87 79 1.6
CHCI3 8,500 19,400 2.29 37 1.0
EtOAc 42,600 73,300 1.72 69 1.6
VAfter measuring the monomers into the reaction flask, the solvent was added and heated
to dissolve both monomers. These solutions were then frozen in liquid N2, and the
solvent was sublimated away slowly. The rest of the polymerization was as normal.
*Determined by 1 H NMR. 10% Lysine Monomer will result in a maximum of 5% lysine
since each Lysine Monomer has one lysine residue and one lactic acid residue.
Several larger batches of the copolymer were made for further
studies. The conditions and results from these reactions are
reported in Tables 4-16 and 4-17. There was some variability in the
properties of the polymers produced. This variability could be the
result of several factors such as monomer purity, the humidity of
the lab (the dry box was not 100% effective due to its age [37 yr.]),
and the effectiveness of the seal on the reaction vessel during the
polymerization. Occasionally, a polymerization would fail
completely, e.g. the 312 hour polymerization in Table 4-8.
Considering these factors, it is surprising that the variability was
not higher.
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Table 4-16
Conditions for Large Batch Polymerizations Using
L,L-Lactide and L,L-Lysine Monomer (28)
% Lys
Batch Batch Size Monomer Temp. Time
(g) (28) (0C) (hours)
A 51.2 9.5 135 48
B 9.7 10.0 100 24
C 13.9 10.3 100 28
D 13.6 9.9 100 28
E 11.0 12.1 100 27
Table 4-17
Results from Larae Batch Polymerizations
*Determined by 1 H NMR.
since each Lysine Monomer
10% Lysine Monomer
has one lysine residue
will result in a maximum of 5% lysine
and one lactic acid residue.
tlndicates 2 or more melting endotherms.
#[1]58923 is -158.7 (0.0109 g/ml dioxane)
Also: [a] 5 89 23 for L,L-Lactide: -265.5 (0.0116 g/ml dioxane).
[0]58923 for L,L-Lys Monomer (28): -87.0 (0.0112 g/ml dioxane).
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Batch Mn Mw PD Yield Lys* Tg Tm
(g/mol) (g/mol) (%) (%) (0C) (0C)
A 17,300 23,700 1.37 56 1.9 52.7 t150.7
B 90,100 113,100 1.26 77 1.2 58.5 161.9
C 58,600 75,800 1.29 69 1.6 53.9 t156.5
# D 40,900 76,800 1.88 81 1.5 56.2 157.8
E 44,500 63,500 1.43 74 1.3 55.6 157.0
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The optical rotation data listed in Table 4-17 for Batch D
indicate that the resulting copolymer is still optically active to
some degree. However, no conclusions can be drawn about the
possibility or extent of racemization during the polymerization from
this data alone.
4.4 Conclusions and Future Work
The polymerization temperature greatly influences the
molecular weight of the resulting copolymer, with the highest
molecular weights occuring at the lowest polymerization
temperatures. Due to its larger substituents, the lysine monomer is
less polymerizable than lactide. Consequently, only about half of the
lysine monomer added to the polymerization reaction is incorporated
into the copolymer. Increasing the monomer concentration in the
polymerization reaction decreases the molecular weight, and under
the conditions used here, the lysine monomer does not
homopolymerize. Consequently, a trade-off exists between the
molecular weight and the lysine content of the copolymer. Finally,
for a given polymerization time and temperature, there is a
minimum catalyst concentration requirement. If too little catalyst
is added, no polymer is formed.
Increasing the molecular weight of the copolymers is a very
important area for future work. There are several approaches that
could be used to try to increase the molecular weight. First, since
the molecular weight increased with decreasing polymerization
temperature, studies should be conducted to find the lowest possible
polymerization temperature. The lowest temperature tried was 90
oC. Second, the stannous octoate polymerization of lactide is
sensitive to moisture and other oxygen containing impurities. These
impurities cause the molecular weights to decrease. Consequently,
removing these impurities by using a better dry box and improved
dry technique would almost certainly improve the molecular weight
results. Third, purifying the monomers even further by additional
recrystallizations or sublimations just before the polymerization
reaction might also increase the molecular weights. Fourth, the
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molecular weights may be able to be further optimized by
investigating in more detail the effects of the monomer to initiator
ratio. Finally, the evidence is quite stong for the use of stannous
octoate as the catalyst. Investigating other catalyst systems would
probably not produce an increase in molecular weight.
There are also several other areas for future work. First,
under the current experimental set-up, vacuum grease contaminates
the polymer samples. This contamination must be eliminated.
Second, if the D-lactic acid/D-lysine monomer were synthesized as
discussed in Chapter 3, it would be interesting to try to
copolymerize this monomer. Finally, experiments could be conducted
using D,D-lactide or a mixture of D,D- and L,L-lactide as the
comonomers instead of just the L,L-lactide. Copolymers with a
wider range of properties might be obtained by using these
additional monomers.
4.5 Experimental
4.5.1 Equipment and Materials
L,L-lactide was purchased from Polysciences. Stannous
octoate was purchased from Aldrich and used without further
purification. SurfraSil was purchased from Pierce and used as a 10%
solution in dry toluene.
Molecular weight data were collected on a Perkin-Elmer GPC
system consisting of a Series 10 pump, an LKB 2140 rapid spectral
detector at 259 nm, an LC-25 refractive index detector, and a PE
3600 Data station. The eluent was chloroform, and the column was a
mixed bed Phenogel column with 5 gim particles from Phenomenex.
The molecular weights were determined relative to narrow
molecular weight polystyrene standards from Polysciences. Thermal
transition data were collected with a Perkin-Elmer DSC-7. The
sample size ranged from 2-8 mg, and indium was used for both the
temperature and enthalpy calibrations. Each sample was subjected
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to a heat-cool-heat cycle from 0-200 oC with rates of +200 C/min.,
-200 C/min., and +10OC/min., respectively. The values reported are
from the second heating cycle. Specific rotations were measured in
dioxane at room temperature, 23 OC, on a PolyScience Corp. SR-6
Polarimeter. IR spectra were recorded on a Perkin-Elmer 1420 ratio
recording instrument. UV spectra were recorded on a Perkin-Elmer
553 Fast Scan UV/VIS Spectrophotometer. 1H NMR were recorded on
two instruments from Bruker operating at 200 MHz and 250 MHz,
respectively using CDCI 3 as the solvent. Abbreviations used include
singlet (s), broad singlet (bs), doublet (d), triplet (t), quartet (q), and
unresolved multiplet (m). Elemental Analysis was performed by
Galbraith Laboratories, Knoxville, TN.
4.5.2 Analytical Techniques
Detection of Lysine Residues by 1H NMR: Although the
protected lysine residue could be detected by several analytical
techniques as shown at the end of this section in Table 4-19, the
phenyl proton signal in the 1H NMR spectra was used to calculate the
amount of protected lysine in the copolymers. The integrated area
for the phenyl protons was ratioed against the area for the methyne
proton of the lactic acid residue. Unfortunately, the signals for the
methlyene protons next to the phenyl ring and the methyne proton of
lactic acid were too close to be separated. This interference was
taken into consideration when calculating the amount of protected
lysine in the copolymers.
Table 4-18 shows the accuracy of this technique. When
mixtures of the monomers were used without polymerization, the
results were very close to those expected based on the amounts of
lysine added to the samples, especially at the relatively low values.
However, when unpurified polymer samples of known lysine content
were analyzed, the results were consistently lower than expected,
with the discrepancy being higher at higher lysine contents. The
percent lysine values listed in Tables 4-1 through 4-19 have not
been adjusted for this apparent underestimation. Consequently, it is
possible that the % Lys values reported for the copolymer samples
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represent lower limits. The correct values may actually be 15-30%
higher. Despite these accuracy concerns, the reproducibility of this
analysis technique was confirmed to be ± 0.1% Lys units by
measuring the lysine content of one sample 8 times over a 5 month
period.
Table 4-18
NMR Calibration Using Unpurified Polymer Samples and
Monomers: L,L-Lactide and L,L-Lysine Monomer 28)
Unpurified Polymers Monomer Mixtures
%Lys %Lys
Expected Observed Expected Observed
5.0 3.5 1.0 1.1
5.0 4.1 2.5 2.5
20.0 13.9 5.0 4.5
10.0 12.1
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4.5.3 Procedures
Polymerization: All glassware was heated at 130 OC
overnight and cooled under vacuum before use. The polymerization
flasks were siliconized before use with SurfraSil. The monomers
were recrystallized from dry ethyl acetate (over molecular sieves)
in the dry box the day before the polymerization reaction was to be
started and allowed to dry under high vacuum overnight.
The monomers were added to the polymerization flasks in the
dry box. Next, the stannous octoate initiator was added in a small
volume of dry chloroform. The samples were put under high vacuum
(<30 pm Hg) for 1.5 hours to eliminate the chloroform used to add
the catalyst. The flask was flushed five times with argon over this
1.5 hour period. During the last 30 minutes of this vacuum cycle, the
samples were gently heated with heating tape until a small amount
of monomer could be seen sublimating at the top of the flask. At
this point the flask was sealed by simply turning the stopcock and
put into a constant temperature oven. The polymerization was
stopped by putting the samples into the freezer. Purification was
performed by dissolving the unpurified samples in chloroform and
dropping them into an excess of methanol. The sample size was
generally 0.7-1.5 g. The results are in Tables 4-1 to 4-17. Chemical
characterization results are given in Table 4-19.
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Chemical
Table 4-19
Charaterization of Selected Samples
Technique Sample Lys* Results
(%)
Elemental Table 4-17, A 1.9 Calculated for 1.9% lysine C, 50.93; H, 5.68;
Anaylsis N, 0.70; 0, 42.68. Found C, 50.77; H, 5.72;
N, 1.04; 0, 40.75.
UV (nm) Table 4-1, 1st 0.0 12.4 g/L CHCI3 (absorbance), 243.0 (0.78).
Table 4-1, 4th 5.3 6.4 g/L CHCI3 (absorbance), 243.0 (1.27),
252.9 (1.34), 258.7 (1.52), 263.5 (1.34),
268.5 (0.97).
IR (cm- 1 ) Commerical 0.0 3500 (OH end groups), 2995,2940 (CH),
PLA, 1760 (CO ester), 1450.(symmetrical CH3).
Polysciences
Table 4-17, D 1.5 3500 (OH end groups), 2995,2940 (CH),
1760 (CO ester), 1450.(symmetrical CH3).
PLUS: 3400 (amide and/or carbamate NH),
shoulder 1680 (CO amide 1), 1520 (amide II
and amide II like stretch from carbamate).
1 H NMR Table 4-1, 1st 0.0 6 1.58 (d, J=7.1 Hz, 3H, CH3), 5.16 (q,
(CDCI3) J=7.1 Hz, 1H, CH).
Table 4-1, 4th 5.3 8 1.58 (d, J=7.1 Hz, 3H, CH3), 5.16 (q,
J=7.1 Hz, 1H, CH).
PLUS: 5 1.6-2.1 (broad m, 3 CH2's and
CH3), 3.17 (broad m, CH2 next to
carbamate), 4.60 (broad m, HNCHCH2), 5.08
(s, CH2Ph), 7.34 (s, aromatic protons).
*Determined by 1 H NMR.
since each Lysine Monomer
10% Lysine Monomer will result in a maximum of 5% lysine
has one lysine residue and one lactic acid residue.
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CHAPTER 5
DEPROTECTION OF LYSINE RESIDUES
5.1 Introduction
Many procedures are available for the deprotection of the
benzyl carbamate protecting group in the lysine monomer shown in
Figure 2-58o. For the current application, it is important to choose a
procedure that will not cleave the esters in the backbone of the
polymer. Just one ester cleavage per polymer chain will cut the
number average molecular weight in half, and molecular weights
above 25,000 g/mol are necessary to obtain good processing
characteristics. Finally, it must be possible to deprotect from 10 g
to 100 g of material at a time. This quantity of material is
necessary to properly characterize the deprotected copolymer for
its processibility, degradability, and biologically active moiety
attachment and polymer-cell interaction properties.
Deprotecting only the surface of a preprocessed polymer
device rather than the bulk polymer represents an alternative
approach. This alternative eliminates the concerns of batch size and
molecular weight loss. As long as the polymer device maintains its
integrity, there should not be a problem if a few backbone esters
were to be cleaved on the surface. Additional concerns could arise,
however, over biocompatibility due to the presence of the protecting
groups in the bulk of the biodegradable polymer.
5.2 Results and Discussion
5.2.1 Bulk Deprotection
Several techniques were analyzed for their effectiveness in
removing the benzyl carbamate protecting group from the dissolved
bulk polymer samples. The results from the first five sets of
experiments are summarized in Table 5-1. The discussion of these
results follows the table.
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Table 5-1
Unsatisfactory Deprotection Results
Protecting
Polymer Groups Mw Mw
Catalyst/ Conc. Vol. Time Removed (g/mol) (g/mol)
Reagent Solvent (mg/ml) (ml) (hours) (%)# Before Rxn. After Rxn.
Pd/C, H2 CHCI3 75 3 4 <10 10,200 10,200
CHCI3 50 5 168 24 23,700 no data
CHCI3/DMF 10-20 6 47 76 23,700 nodata
(3/1)
DMF 1 -5 6 47 5 1 23,700 no data
Acetone 1 - 5 6 47 95 23,700 no data
CHCI3/DMF 10 150 72 33 23,700 no data
(3/1)
K2CO3 Acetone/H20 4 9 1.5 42 6,200 no data
(4/1)
BBr3
*1.5x CH2CI2 50 10 2.5 55 23,700 22,700
*5 x CH2CI2 50 20 2.0 100 23,700 4,100
*1.9x CH2CI2 50 50 3.0 55 23,700 14,800
TFA CH2CI2 10 20 2 53 23,700 44,300
CH2CI2 17 30 6 1 7 23,700 36,000
(CH3) 3 Sil CHCI3 5 10 1 37 23,000 35,300
*Amount of reagent per protected lysine residue.
#Determined by 1 H NMR. See Section 5.4.2 for details.
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The use of palladium on activated carbon with hydrogen under
high pressure to deprotect the benzyl carbamate group is very
common. Alkyl esters should also be stable under these reaction
conditions. When this procedure was used to deprotect the
copolymer, the molecular weight was unchanged while the greatest
extent of reaction was obtained with the poorest solvents. This
trend is clearly observed if the percentage of protecting groups
removed is compared to the polymer concentration in Table 5-1.
Those solvents with the lowest solubility gave the best results. All
of the solvent systems were saturated with polymer except
chloroform.
It is possible that the good solvents interact with the polymer
too strongly and do not let the benzyl carbamate groups approach the
solid phase catalyst. The poorer solvents are not associated so
strongly, and therefore allow the reaction to proceed. However, the
low solubility associated with these poor solvents is unacceptable
because it severely limits the amount of polymer that can be
deprotected in each reaction. The high pressure hydrogen equipment
currently available can accommodate a maximum of 150 ml of
polymer solution.
Adding DMF to the chloroform solution increased the
percentage of protecting groups removed but also decreased the
polymer solubility. Overall though, the CHCI 3/DMF solvent system
produced satisfactory results. However, when the reaction was
scaled up to the maximum volume, the reaction did not proceed as
well, with only 33% of the protecting groups being removed. And,
this maximum amount was only 1.5 g of polymer, far below the batch
size required. Consequently, this procedure did not satisfy the
previously specified constraints for use with this polymer system.
Since using a solid phase catalyst produced unacceptable
results, several procedures that did not require the use of solid
phase catalysts were analyzed. The mild hydrolysis technique using
K2CO 38 1 was partially successful for very low molecular weight
samples, but higher molecular weight samples were not soluble in
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the recommended solvent system. Even if an appropriate solvent
system could be found, this simple hydrolysis would almost
certainly attack the esters in the backbone of the polymer in
addition to the protecting groups.
Using the BBr3 deprotecting reagent82 was not successful.
Although it was possible to completely eliminate the benzyl
carbamate protecting groups, the molecular weight decrease from
23,700 g/mol to 4,100 g/mol was unacceptable.
The use of trifluoroacetic acid (TFA) and (CH3)3Si183-85 as
reagents for the deprotection of the benzyl carbamate group gave
mixed results. The molecular weights actually appear to have
increased. However, this apparent increase is probably an artifact
of the methanol precipitation used for purification. This
purification method eliminates low molecular weight chains. If the
reagents increase the solubility cut-off, then the resulting purified
polymer samples will have increased molecular weights.
Although the molecular weight data looked encouraging, the
reactions did not proceed to completion. The TFA procedure was
also unpredictable. A 2 hour reaction removed 53% of the groups
while another reaction carried out for 6 hours removed only 17% of
the groups. It was also felt that using more aggressive conditions
(i. e., higher temperatures or longer reaction times) would
eventually result in ester cleavage for both reagents. The (CH3)3 Sil
has been reported to react with alkyl esters85 .
Satisfactory results were finally obtained with the palladium
chloride catalyst 86, 87 as shown in Table 5-2. In this procedure,
Et3SiH may play a similar role to that of H2 in the Pd/C catalyzed
reaction. Both the H2 and the Et3SiH insert into the carbamate bond
with the help of the catalyst, thereby cleaving off the protecting
group.
In the reference to the PdCI 2/Et3SiH reaction, the Et3SiH was
also the solvent. Since the polymer was not soluble in this reagent,
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a cosolvent was added. A moderate to poor solvent system could be
obtained by properly mixing the Et3SiH and the cosolvent. This
solubilized the polymer, but not so well that the solvent interfered
with the polymer/catalyst interaction as described earlier. The
preferred cosolvent is methylene chloride. Chloroform is not an
appropriate cosolvent since a reaction occurred between the
PdCI 2/Et3 SiH system and the chloroform. Also, since this procedure
did not require any special equipment, it was easily scaled up to the
desired batch size. However, the molecular weights were
sometimes disappointing. This decrease in molecular weight is
most likely due to hydrolysis from trace quantities of water which
can occur due to the long reaction times.
Table 5-2
Deprotection Results from Successful Procedure
Protecting
Polymer Groups Mw Mw
Catalyst/ Conc. Vol. Time Removed (g/mol) (g/mol)
Reagent Solvent (mg/ml) (ml) (hours) (%)# Before Rxn. After Rxn.
PdCI2/NEt3/ none 80 5 4 28 23,700
Et3SiH
CHCI3 40 10 3 35 23,700
CH2CI2 20 20 48 95 23,700 29,700
CH2CI2 15 10 49 71 63,700 44,000
PdCI2/NEt3/
Et3SiH CH2CI2 Large Batch Reactions
Batch A 20 350 67 92 23,700 27,100
Batch B 18 375 120 72 113,100 54,200
Batch C 17 350 120 77 75,800 21,800
Batch D 22 450 24 23 76,800 59,500
72 50 60,500
120 76 42,800
Batch E 19 425 142 73 63,500 39,700
#Determined by 1H NMR. See section 5.4.2 for details.
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Some additional data were obtained for the large batch
samples, and this information is summarized in Table 5-3. The
lysine content was determined by amino acid analysis both before
and after the deprotection reaction. There was always a drop in
lysine content, which was attributed to the purification procedure
which preferentially eliminates low molecular weight chains. As
described in Section 4.3.3, the shorter chains have been found to
have slightly more lysine than the longer chains. When the shorter
chains are removed, the overall lysine content decreases.
Table 5-3
Additional Results from Large Batch Deprotections
Total Total Protected Deprotected
Lysine* Lysine* Lysine# Lysinet
(%) (%) (%) (%)
Batch Before Rxn. After Rxn. After Rxn. After Rxn.
A 0.64 0.51 0.14
B 1.00 0.56 0.33
+C 0.85 0.58 0.36 0.34
D 0.87 0.76 0.37 0.45
E 0.90 0.70 0.36 0.35
*Determined by Amino Acid Analysis. See Section 5.4.2 for details.
#Determined by 1 H NMR. See Section 4.5.2 for details.
tDetermined by Colorimetric Method. See Section 5.4.2 for details.
+Elemental analysis results show that Sn<5 ppm and Pd<5 ppm.
The percent protecting groups removed was determined by the
disappearance of the phenyl protons in 1H NMR. The presence of the
deprotected lysine residues was also positively confirmed by a
colorimetric assay for primary amino groups. The presence of
unreacted protecting groups could be determined in the usual manner
from 1H NMR. From Table 5-3, it can be seen that the number of
deprotected lysine residues plus unreacted protected lysine residues
is reasonably close to the total number of lysine residues. However,
85
-~ i .I.~I·I*YS.IYY· .tllll. llM~nlR~eLI~
no further conclusions can be drawn since it has been shown that
both the 1H NMR and the amino acid analysis techniques
underestimate their values, and it is suspected that the colorimetric
assay underestimates as well. The limitations of these analytical
techniques are discussed more fully in the experimental sections
noted in Table 5-3.
Finally, it should be noted that elemental analysis for trace
quantities of Sn and Pd yielded values less than 5 ppm for both
elements. This indicates that the catalysts for both the
polymerization and the deprotection reaction have been successfully
removed by the purification processes.
Overall, the PdCI2/Et3SiH catalyst system provided an
effective means of deprotecting the lysine residues of the poly
(lactic acid-co-lysine) copolymers. Although the percentages
reported in Table 5-3 are quite low, these quantities are still
useful. A value of 0.37 % deprotected lysine yields a surface density
of 5000 fmol/cm2 assuming a polymer density of 1 g/cm 3 and an
access layer of 10 A . A surface density of only 1 fmol/cm2 has
been shown to be biologically active78 .
5.2.2 Surface Deprotection
One experiment was completed concerning the use of surface
deprotection. The simple hydrolysis technique involving K2C0 3 was
used for this experiment. An essential step in evaluating the
efficacy of surface deprotection is finding a good surface analysis
technique. For this experiment electron spectroscopy for chemical
analysis (ESCA) was used. The relative intensities of the Cis high
resolution peaks for the carbon atoms were compared. As shown in
Figure 5-1, the two spectra for the surface deprotected sample and
the bulk deprotected sample are almost identical, while the
spectrum for the polymer disc with no deprotection shows an
additional small peak and different relative intensities. The
disappearance of the small peak at 284.6 eV could be attributed to
the removal of the phenyl rings. However, processing can greatly
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Figure 5-1
Comparison of Carbon Peaks from ESCA Analysis
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influence surface chemistry as will be discussed in Chapter 6, so
additional evidence would be necessary before it could be confirmed
that the K2CO 3 method deprotected the surface of the polymer disc.
5.3 Conclusions and Future Work
The benzyloxycarbonyl protecting group can be successfully
removed from the lysine residue by using the triethylsilane/
palladium chloride/triethylamine reagent system with methylene
chloride as the solvent. However, the reaction did not proceed to
completion and the molecular weight always decreased, sometimes
by more than a factor of 2. It is believed that the molecular weight
decrease is a result of bond cleavage due to trace quantities of
water in the reaction. Using drier reaction conditions would
probably improve the molecular weight results. Additional
deprotection reagents could be sceened for their effectiveness in
removing the protecting group without decreasing the molecular
weight.
An alternative approach would be to use a completely different
protecting group. However, changing the protecting group would
result in a tremendous amount of work since all the steps, beginning
with the monomer synthesis, would have to be repeated.
5.4 Experimental
5.4.1 Materials and Equipment
All of the reagents were purchased from Aldrich except the
ninhydrin, which was purchased from Fluka.
Molecular weight data were collected on a Perkin-Elmer GPC
system consisting of a Series 10 pump, a LKB 2140 rapid spectral
detector at 259 nm, an LC-25 refractive index detector, and a PE
3600 Data station. The eluent was chloroform, and the column was a
mixed bed Phenogel column with 5 gim particles from Phenomenex.
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The molecular weights were determined relative to narrow
molecular weight polystyrene standards from Polysciences. ESCA
analysis was performed at the Center for Material Science and
Engineering Surface Analysis Facility, Massachusetts Institute of
Technology, Cambridge, MA. The instrument was a Perkin-Elmer
Model 548 XPS/AES System with dual anode MgKa/AIKa source. A
tungsten filament electron flood gun was used to minimize surface
charging of the samples. UV data was collected on a Perkin-Elmer
553 Fast Scan UV/VIS Spectrophotometer. 1H NMR were recorded on
two instruments from Bruker operating at 200 MHz and 250 MHz,
respectively using CDCI3 as the solvent. Elemental analysis was
performed by Galbraith Laboratories, Knoxville, TN.
5.4.2 Analytical Techniques
Protecting Groups Removed (%): The percentage of
protecting groups removed was determined by observing the
disappearance of the phenyl protons in the 1H NMR spectrum. The
ratio of the phenyl protons to the methyne proton of the lactic acid
residue was used to calculate the percentage of protecting groups
removed: %Removed = 100*(R1-R2)/R1 where R1 is the ratio before
and R2 is the ratio after the deprotection reaction. For example, if
the sample had a ratio of 0.90 before the deprotection reaction and a
ratio of 0.60 after the reaction, then it would be reported that 33%
of the protecting groups were removed. The details concerning the
phenyl to methyne proton ratio are fully described in Chapter 4,
Section 4.5 Experimental.
Amino Acid Analysis: Amino acid analysis was performed
at the Biopolymers Laboratory, Howard Hughes Medical Institute,
Massachusetts Institute of Technology, Cambridge, MA. This lab
performs amino acid analysis on an Applied Biosystems Model
420/130 Derivatizer/Amino Acid Analyzer using
phenylisothiocyanate (PITC) pre-column derivatization chemistry.
Gas phase hydrolysis was performed using a Waters Pico Tag
Hydrolysis Workstation with 6N HCI and 0.1% phenol at 150 oC for 1
hour.
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The reproducibility and accuracy of this technique are
questionable. Table 5-4 summarizes data for known lysine contents.
When mixtures of monomers were tested without polymerization,
the results were consistently lower than the known values by a
factor of 1.4 to 1.7. When unpurified polymer samples of known
lysine content were analyzed, the results were also lower then
expected by a factor of 2.5 to 4.6. This range seems to be indicative
of the variability of the values obtained for the polymer samples.
A calibration curve can be obtained from the monomer data to
relate the expected percentage lysine to the observed percentage
lysine. However, based on the results from the unpurified polymer
samples, it is obvious that the polymer samples will not fall on a
calibration curve made from the monomer data. There were not
enough samples available to make a reasonable calibration curve for
the unpurified polymer samples, so no correction has been made to
the percent lysine results listed in Table 5-3. As with the 1H NMR
lysine data, the amino acid analysis data reported in Table 5-3 may
represent lower limits. The actual values may be two to three times
higher than those reported.
Table 5-4
Amino Acid Analysis of Unpurified Polymer Samples and
Monomers: L,L-Lactide and L,L-Lysine Monomer (28)
Unpurified Polymers Monomer Mixtures
%Lys %Lys
Expected/ Expected/
Expected Observed Observed Expected Observed Observed
5.0 2.0 2.5 1.0 0.6 1.7
5.0 1.8 2.8 2.5 1.7 1.5
5.0 1.1 4.5 5.0 3.7 1.4
12.4 4.9 2.5 10.0 6.0 1.7
20.0 6.0 3.3
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Colorimetric Amino Group Assay 88 : As described in the
reference, this assay was designed to measure the concentration of
amino end groups in nylon fibers. The method was found to be
accurate up to fiber diameters of 10 pm. The precipitated
copolymer powders should have a rather open structure, and so the
reagents should be able to access all of the sample. However, this
assumption was not tested due to time contraints.
The following solutions were prepared: isopropanol/water
10:90, vol/vol; pyridine/water 10:90, vol/vol; ethanol/water, 50:50,
vol/vol. The reagent solution was prepared by combining 20.18 g of
sodium propionate, 2 g of ninhydrin, 50 ml of 2-methoxyethanol, and
9.3 ml of propionic acid and diluting to 100 ml with water. The
reagent solution can be kept for at least 2 weeks if stored in the
refrigerator.
Standards were prepared by dissolving 6-aminohexanoic acid
in the isopropanol/water mixture at concentrations ranging from
0.35 to 0.03 mg/mI. Aliquots (0.25 ml) of the standards were added
to glass test tubes. The samples were prepared by accurately
weighing about 10 mg of the polymer samples into glass test tubes
and then adding 0.25 ml of the isopropanol/water mixture. The
polymers did not dissolve. Next, 0.25 ml of the pyridine/water
mixture and 0.5 ml of the reagent solution were added to all of the
test tubes. Each tube was vortexed, and any pieces of polymer
adhering to the walls were pushed back into the solution with a
metal spatula. The tubes were sealed with rubber stoppers and
heated at 820C for 20 minutes with a dry block heater. Heating at
960C for 30 minutes did not change the outcome, although both the
standards and the samples developed more color. After the samples
had cooled for 5 minutes, 1-20 ml of the ethanol/water mixture was
added to each tube. The standards were designed to require 4 ml of
the ethanol/water mixture. After vortexing all of the tubes, they
were allowed to sit for 30-60 minutes to allow the polymer to
settle. The absorbance was measured against a reagent blank at
570 nm.
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5.4.3 Procedures
Pd/C, H2: In a typical reaction, 250 mg of polymer was
dissoved in 3 mi of chloroform, and in a separate flask, 156 mg of
the Pd/C catalyst was added to 5 mi of chloroform. The catalyst
slurry was vortexed and allowed to settle. The solvent was
decanted from the catalyst which eliminated the fine particles, and
the process was repeated two more times. The washed catalyst was
mixed with 2 ml of chloroform, and this catalyst slurry was added
to the polymer solution making a total volume of 5 mi. The sample
was loosely covered and put under H2 at 58 psi for 168 hours with
shaking at room temperature. The reaction was stopped by removing
the catalyst by filtration and the solvent by evaporation. The
polymer was then dried under high vacuum. Yield 50%.
K2CO381: Potassium carbonate (1.38 g, 0.01 mol) was
dissolved in 100 ml of an acetone/water, 80/20, vol/vol mixture.
The polymer (40 mg) was dissoved in 9 ml of this 0.1 M K2CO3
acetone/water solution and stirred at 0 oC for 75 minutes and then
at room temperature for 15 minutes. The acetone was removed by
evaporation. The polymer precipitated and was collected by vacuum
filtration. It was then dried under high vacuum. Yield not available.
BBr 382: The glassware was dried overnight at 130 OC and
cooled under an argon stream. The polymer (2.5 g) was dissolved in
50 ml of methylene chloride and cooled to -10 OC by an
ethanol/water bath. Next, 1.25 ml of a 1M methylene chloride
solution of BBr3 (1.25 mmol) was added to the polymer solution.
This amount represents a 1.9 fold excess of reagent compared to
protected lysine residues assuming that the amount of protected
lysine is obtained from amino acid analysis data that has been
adjusted first by a factor of 2.5. The reaction was stirred for 1 hour
at -10 OC and 2 hours at room temperature. The reaction was
stopped by the addition of 1.25 ml water. Next, 180 ml of methanol
was added to precipitate the polymer which was collected by
vacuum filtration and dried under high vacuum. Yield 60%.
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Trifluoroacetic acid (TFA): The polymer (0.5 g) was
dissolved in 15 ml of methylene chloride and then 15 ml of TFA was
added with stirring. The reaction was stirred at room temperature
for 6 hours and then dropped into 100 ml of methanol. The
precipitated polymer was collected by vacuum filtration and dried
under high vacuum. Yield 63%.
(CH3 )3 Sile3- 85s: The glassware was dried overnight in an
oven at 130 OC. Just before the reaction, the glassware was cooled
under a stream of nitrogen. The reactions were conducted in a glove
bag in a fume hood. The polymer (50 mg) was dissolved in 10 ml of
dry chloroform (dried over molecular sieves). The (CH3)3Sil (6 pi,
42 gLmol) was added ,and the reaction was agitated occasionally for
1 hour. This amount of (CH3)3Sil represents a 2.9 fold excess of
reagent assuming uncorrected 1H NMR data are used to obtain the
quantity of protected lysine residues originally present in the
polymer. The reaction was stopped by dropping the chloroform
solution into 40 ml of methanol. A very fine polymer precipitate
developed. The sample was centrifuged at 5000 rpm for 5 minutes.
The methanol was then decanted. The polymer was washed by adding
7 ml of methanol, vortexing, and then centrifuging again at 7000 rpm
for 10 minutes. This methanol was also decanted, and the polymer
was dried under high vacuum. Yield not available.
PdCI2/Et3 N/Et3SiH8 6, 87: The glassware was dried
overnight in an oven at 130 OC and subsequently cooled under a
stream of nitrogen. In a typical reaction, the polymer (9.891 g) was
immersed in 225 ml of SiEt3H, and then methylene chloride (225 ml)
was added until the polymer dissolved. Next, palladium chloride (1.8
g) and triethylamine (2.1 ml) were added with stirring. The reaction
was stirred for 120 hours, and then the palladium cloride was
removed by vacuum filtration. Methanol (about 150 ml) was added to
complete the reaction. After 10 minutes, the solution was dropped
into 3000 ml of methanol. The polymer precipitated. After 30
minutes, the polymer was removed by vacuum filtration and dried
under high vacuum. Yield 78%.
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Surface Deprotection: The polymer discs were obtained by
compression molding the polymer powder at 100 0C for 30 minutes at
10,000 psi. Each disc was approximately 150 mg with a diameter of
1.43 cm. The disc was immersed in 0.01 M K2CO3 acetone/ water,
10/90, vol/vol. After 24 hours the disc was removed from the
solution, washed extensively with water, and then dried under high
vacuum.
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CHAPTER 6
POLYMER CHARACTERIZATION
6.1 Introduction
As discussed in Chapter 1, this new biodegradable copolymer
system has been designed for medical applications requiring active
polymer-cell interactions. An example is cell transplantation for
the purpose of tissue regeneration. The shape and surface chemistry
of the polymer device can have a great impact on the success of the
medical application. Therefore, the ability to process the material
into a variety of shapes and to control its surface properties is very
important. The device must also degrade over time to prevent any
chronic tissue reactions. The results of studies of the
processibility, surface characteristics, and degradability of the
copolymer are discussed below.
6.2 Copolymer Processing
The ultimate goal is the development of a copolymer system
that can be used in the body. Before the copolymer can be tested in
vivo, the response of the cells to the copolymer surface must be
quantitated. A number of processing studies were performed in
order to obtain poly (lactic acid-co-lysine) films suitable for use in
cell culture studies. Several processing techniques were tried in an
attempt to produce appropriate films, including: 1) melt casting, 2)
compression molding, and 3) solvent casting.
There are several desirable characteristics for films that are
to be used in cell culture studies. The films must be transparent,
flat, smooth, thin, strong, and flexible. Transparent films allow
pictures to be taken of the cells with regular optical equipment.
Opaque films are undesirable because they require special equipment
or elaborate fixing procedures which may disrupt the original
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morphology of the cells. Flat smooth surfaces, as opposed to rough
and bumby surfaces, provide a well defined surface area. Thin films
conserve material, which is an important practical consideration for
the current scale of the synthetic work. Strong but flexible films
are necessary so that the films can be cut into the desired shape
with a scissors or razor blade.
Melt casting involves heating the polymer above its melting
temperature in a mold. This technique has the advantages of being
simple, fast, and reproducible. After cooling, the resulting poly
(lactic acid-co-lysine) discs were clear, smooth, and flat. However,
there were several problems as well. The films were colored
(ranging from yellow to burnt orange) and were very brittle. These
observations suggest that the copolymer experienced thermal
degradation due to the high temperatures required for melting.
Thermal degradation has also been observed when the homopolymer
of lactic acid has been heated above its melting temperature5 9 .
In addition to the thermal degradation problem, the films were
also too thick. The melted copolymer did not wet the surface of the
teflon mold very well. Since the melted polymer tended to "bead up",
a large quantity of material was required to cover the bottom of the
mold. Due to the thermal degradation problem, other molding
surfaces such as glass were not investigated.
Compression molding involves compressing the polymer
powder with heating between two metal plungers inside a die. This
technique offers the advantage of lower processing temperatures
and can be used for low molecular weight samples. In order to
obtain solid discs, the samples must be heated above their Tg values
of about 55 oC. The best films from this technique were obtained at
100 oC. These films were almost translucent, while discs formed at
lower temperatures were completely opaque. Discs formed between
65 oC and 100 oC were easy to handle but could not be cut with a
knife or razor blade without cracking. Heating above 100 oC was not
successful since the polymer started to flow down the sides of the
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plungers inside the die. The resulting films, although translucent,
started to yellow and become brittle due to thermal degradation.
The major disadvantage of this technique is that it is slow and
not reproducible. Only one disc can be made at a time, and up to an
hour is required for each disc. Reproducibility is occasionally a
problem as well due to poor distribution of material in the die.
Solvent casting has been the most successful technique. The
copolymer is dissolved in a good solvent, which is then slowly
evaporated leaving behind a solid polymer film. If the number
average molecular weight is above 25,000 g/mol, thin mostly
transparent films can be obtained. These films are flexible enough
to be cut with a scissors without breaking. Many samples can be
made at once, and the polymer material is used very efficiently.
Using more material results in thicker opaque films. The major
drawback to this technique is the molecular weight requirement.
Samples with molecular weights below 25,000 g/mol do not produce
films. Also, since a good method has not been developed to control
the evaporation rate precisely, reproducibility is sometimes a
problem.
Solvent casting was carried out on both glass and teflon
surfaces. The films cast on glass were strongly associated with the
glass surface. Occasionally, parts of the films (usually the middle)
would detach from the glass during the evaporation phase. The films
were less transparent in the areas where they had detached from the
glass. In order to completely remove the films from the glass
surfaces, it was necessary to immerse them in water for several
hours. The films cast in teflon beakers did not adhere to the teflon
surface at all, and these films were almost opaque. However,
almost twice as much material was used for the films cast on
teflon. The increased thickness of the films may have also
contributed to their lack of transparency.
Eventually, it may be necessary to have a porous polymer
device for in vivo work. One experiment was conducted to make a
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porous disc. Salt was added to the polymer solution during the
solvent casting procedure. After the solvent had evaporated, the
salt was then leached out of the film. The resulting disc was very
fragile. The conditions used for the solvent casting process with
salt crystals will have to be optimized in order to obtain porous
devices with better mechanical properties. It is also possible that
an even higher molecular weight will be necessary.
Although many processing techniques were available, the best
results were obtained from solvent casting. This technique produced
transparent films that were thin, strong, and flexible. Consequently,
most of the surface characterization studies and the entire
degradation study were done with solvent cast films.
6.3 Surface Characterization
It is well established that the surfaces of materials are
almost always different from the bulk of the material8 9, 90. Also,
the processing conditions can have a strong influence on these
surface properties. Since the cells will be interacting directly with
only the surface, it is important to characterize the surface of the
copolymer device.
Once films with suitable physical properties for cell culture
were obtained, their surfaces were analyzed. Three surface analysis
techniques were used including: 1) Attenuated Total Reflectance-
FTIR (ATR-FTIR), 2) a colorimetric surface amino group assay, and 3)
Electron Spectroscopy for Chemical Analysis (ESCA). The surface
FTIR technique, ATR-FTIR, did not provide any useful information.
This technique analyzes a layer 6000 A deep. Cells interacting with
a polymer surface will access no more than 10 to 100 A into the
polymer film.
The second surface analysis technique was a colorimetric
assay specific for surface amino groups. The depth of penetration
for this aqueous reaction should be similar to that of the cells. Both
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the compression molded films and the solvent cast films were
tested by this colorimetric assay.
This colorimetric assay was not compatible with the
compression molded films since the spaces between the compressed
particles trapped the reagent producing false positive results. Often
the negative controls gave larger responses than the samples. In
general, it seemed that the films with the least density (i.e. the
more opaque films that had more air spaces) gave the largest
responses.
The solvent cast films had well defined surfaces without
pores, and the negative controls gave the expected results. However,
no amino groups were detected on the surface of the copolymer
samples, indicating that either: 1) there were no amino groups
present, or 2) the surface concentration of amino groups was too
low for the assay to detect. Based on the deprotected bulk lysine
content of 0.37 mole %, an access layer of 10 A, the surface area of
the sample, and an assumed copolymer specific gravity of 1 g/cm 3,
the absolute amount of amino groups theoretically available was
100 times lower than the lowest detectable standard. The surface
area could have been increased by making microspheres, but this
processing technique would not have produced a surface
representative of the solvent cast films. Thus, the colorimetric
technique was not sensitive enough to provide any useful surface
analysis information.
The technique that finally provided useful information was
ESCA. This technique analyzes the first 50-100 A of the sample, and
provides information concerning the elemental composition of this
layer89, 90. When the sample is bombarded with x-rays,
photoelectrons are emitted with energies that are related to the
binding energy of the electron. This binding energy is very sensitive
to its atomic environment. The nature of the atom that ejected the
electron has the greatest influence on the binding energy. However,
the type of covalent bonding of the atom also affects the binding
energy of the electron. These slight differences in binding energies
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allow alkyl carbons to be distinguished from carbonyl carbons and so
on.
Since the lysine residues contain nitrogen and the lactic acid
residues do not, the detection of nitrogen by ESCA analysis indicates
that the lysine residues are at the surface. Of course, what is really
important is the presence of the free amino groups. To determine
that the nitrogen was from the free amino groups, the films were
exposed to pentafluorobenzaldehyde. This compound will react with
free amino groups but not with other nitrogen containing groups such
as amides. The fluorines on the phenyl ring are easily detected by
ESCA, thus indicating the presence of primary amino groups.
The results- from the ESCA analysis are summarized in Tables
6-1 and 6-2. Both sides of the solvent cast films were analyzed
since it was suspected that the primary amino groups might
preferentially interact with one type of surface over another.
The data for the polylactic acid controls were as expected.
The carbon and oxygen contents were near the theoretical values of
60% for carbon and 40% for oxygen. Trace amounts of silicon and
chlorine were also detected on the untreated PLA film, indicating
that some sort of minor contamination had occurred. This level of
silicon contamination is common due to silicones from vacuum
greases and pump oils that are almost always present in the
laboratory environment. The PLA film exposed to the
pentafluorobenzaldehyde did not contain any detectable fluorine,
confirming that this reagent does not non-specifically absorb to this
type of polymer film. The high resolution Cis spectra consisted of
three peaks with binding energies at 285 eV (hydrocarbon), 287 eV
(C-O) and 289 eV (O-.C=O). Although a ratio of 1:1:1 was expected for
PLA, the hydrocarbon peak area was consistently greater for all of
the PLA surfaces tested.
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Table 6-1
ESCA Composition of Solvent Cast Copolymer Films
Atomic Percent
Casting PFBA
Sample Surface Side Treatment C O N Si CI F
PLA, Glass Air Nb 63.5 34.9 nd 1.2 0.3 nd
Polysciences
Glass No 64.8 34.6 nd 0.6 nd nd
PLA, Glass Air Yes 64.1 35.9 nd nd nd nd
Polysciences
Glass Yes 65.4 34.6 nd nd nd nd
PLA-co-LYS Glass Air No 54.2 24.5 nd 21.4 nd nd
Glass No 77.6 19.2 2.2 1.1 nd nd
PLA-co-LYS Glass Air Yes 59.4 21.8 nd 17.4 nd 1.5
Glass Yes 62.9 33.6 1.8 nd nd 1.6
PLA-co-LYS Teflon Air Nb 54.2 27.1 nd 18.7 nd nd
Teflon No 55.2 27.6 nd 16.6 0.7 nd
nd=not detected
PFBA=Pentafluorobenzaldehyde
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ESCA Results:
Table 6-2
High Resolution Cis Information
Binding
Casting PFBA Energy
Sample Surface Side Treatment (eV) %
PLA, Glass Air No 285.0 39.2
Polysciences 287.0 30.2
289.1 30.6
Glass No 285.0 43.5
287.1 28.8
289.2 27.7
PLA, Glass Air Yes 285.0 35.9
Polysciences 287.0 31.0
289.0 33.1
Glass Yes 285.0 41.2287.1 29.4
289.2 29.4
PLA-co-LYS Glass Air No 285.0 94.3
286.7 4.5
289.5 1.2
Glass No 285.0 67.8
286.7 18.7
289.0 13.4
PLA-co-LYS Glass Air Yes 285.0 81.8
286.6 13.9
289.8 4.2
Glass Yes 285.0 38.9
287.0 31.3
289.0 29.8
PLA-co-LYS Teflon Air No 285.0 85.3
287.2 8.9
289.5 5.8
Teflon No 285.0 75.5
287.3 14.5
289.6 10.0
_______________________________________________
PFBA=Pentafluorobenzaldehyde
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The results for the poly (lactic acid-co-lysine) were quite
unexpected. Very large amounts of silicon (16.6% to 21.4%) were
found on the surfaces exposed to hydrophobic environments, such as
air and teflon, while very low levels were detected on the surfaces
interacting with more hydrophilic environments, such as glass. The
most likely contaminant is vacuum grease, which is made of poly
(dimethyl siloxane) (PDMS). PDMS has an elemental molar
composition (excluding hydrogen) of 50% C, 25% 0, and 25% Si. Since
the presence of 5% silicon corresponds to a monolayer of PDMS 91, it
appears that the surfaces exposed to hydrophobic environments
during the processing procedure are covered by vacuum grease
through several atomic layers. The high resolution Cls data also
confirm this observation. The binding energy of the carbons in PDMS
(_-Si) overlap with the hydrocarbon binding energies at 285 eV.
Pure PDMS would have only one carbon peak at 285 eV. The surfaces
with the most silicon have the highest percentage of the carbons at
285 eV.
No nitrogen was detected on any of the surfaces containing
large quantities of silicon. However, fluorine was detected on the
air contacted side of the pentafluorobenzaldehyde treated copolymer
film. This observation suggests that either the reagent is moving
through the PDMS layer and accessing the amino groups below or that
the PFBA is non-specifically adsorbing onto the PDMS.
The most likely source of the contamination is the vacuum
grease used to seal the joints of the polymerization flasks.
Although the absolute amount is very small, it appears that the
PDMS migrates to the hydrophobic surfaces during the solvent
casting process. However, the results indicate that the polymer
surfaces in contact with the more hydrophilic glass are free of this
contamination.
Since the surfaces exposed to the more hydrophilic glass were
not severely contaminated, the results should provide useful
information concerning the amounts of lysine and primary amino
groups. Nitrogen was detected on these non-contaminated surfaces
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indicating that the lysine residues were at the surface. However,
the values of 1.8 and 2.2 % nitrogen are several times larger than the
calculated value of 0.6 % nitrogen based on the lysine content
determined by 1H NMR. This discrepancy in the nitrogen values
highlights the uncertainty associated with quantitating nitrogen
contents at the low levels expected from the samples.
After exposing the nitrogen-containing surfaces to
pentafluorobenzaldehyde (PFBA), fluorine was also detected. To
check for non-specific adsorption of PFBA to the polymer surfaces,
PLA surfaces that did not contain amino groups were also exposed to
PFBA. The results from the PFBA treatment of the glass contacted
surfaces of both the PLA and the poly (lactic acid-co-lysine)
samples are summarized in Figure 6-1. The lack of fluorine on the
PFBA-treated PLA surfaces indicates that non-specific adsorption is
not a problem, while the presence of fluorine on the poly (lactic
acid-co-lysine) surfaces confirms that primary amino groups are
present.
Figure 6-1
Detection of Amino Groups by Treatment with PFBA:
Results from Analysis of Glass Contacted Surfaces
C
L_
o
0
untreated treated untreated treated
PLA PLA-co-LYS
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The main conclusion from the ESCA results is that the
processing can greatly affect the surface chemistry. It is obvious
that the vacuum grease contamination must be eliminated. However,
it is possible that even after eliminating this contaminant that the
more hydrophilic amino groups may preferentially interact with the
hydrophilic glass surface rather than the hydrophobic air interface.
It should be possible to use this partitioning effect to obtain the
desired surface properties through proper selection of the
processing conditions.
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6.4 Polymer Degradation
The in vitro degradation behavior for solvent cast samples was
determined at 37 oC in pH 7.1 phosphate-buffered saline (PBS) for
three sample types: 1) poly-L-(lactic acid) [PLA], 2) protected poly
(L-lactic acid-co-L-lysine) [Prot. PLA-co-LYS], and 3) the
deprotected copolymer, poly (L-lactic acid-co-L-lysine) [PLA-co-
LYS]. Several variables were measured to characterize the
degradation behavior, including: 1) mass loss, 2) molecular weight
reduction, 3) melting temperature, 4) heat of fusion, 5) lactic acid
release, and 6) copolymer composition.
The mass and molecular weight losses for each of the three
samples are shown in Figures 6-2 to 6-4. These results indicate
that the degradation occurs in the bulk by random chain scission.
Once the average molecular weight of the sample decreases to a
certain level, chains become soluble and mass loss is observed92-96
The mass of the PLA sample remained steady through week 23 since
the molecular weight had not gone below the critical value where
the oligomers would be soluble in the PBS buffer. The mass and
molecular weight losses for PLA are almost identical to values
reported in the literaturel3
The mass loss profile of the PLA-co-LYS sample in Figure 6-4
indicates that some portion of the polymer chains are soluble even
at the beginning of the degradation study. The lower initial
molecular weight could contribute since some extremely low
molecular weight chains would exist at the beginning. More
importantly though, the lysine residues increase the water
solubility of the oligomers. Oligomers that contain lysine residues
will be more hydrophilic and therefore soluble at higher molecular
weight values compared to oligomers of lactic acid only. This same
increased solubility has been observed during the degradation of
glycine/D,L-lactic acid copolymers92
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Mass and Molecular Weight Loss of PLA
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Figure 6-3
Mass and Molecular Weight Loss of Prot. PLA-co-LYS
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Figure 6-4
Mass and Molecular Weight Loss of PLA-co-LYS
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The molecular weight decreases for the Prot. PLA-co-LYS and
the PLA-co-LYS were very similar as shown in Figure 6-5. This
result indicates that the additional free amino groups do not change
the degradation behavior significantly. However, the molecular
weight decrease for the PLA was much slower than that of the
copolymer samples, as illustrated in Figure 6-6. These different
rates might be attributed partially to the difference in the starting
molecular weight values. The initial molecular weight (Mw) values
were: PLA, 115,300 g/mol; Prot. PLA-co-LYS, 74,100 g/mol; and
PLA-co-LYS, 39,400 g/mol. Samples with lower molecular weights
have more end groups, which can contribute to faster degradation
rates.
However, the higher crystalline melting temperature for the
PLA probably contributes the most to the difference in the
degradation rates between the PLA and the copolymers. Higher
melting temperatures within a polymer system imply that the
crystallities are larger and have fewer defects. Due to the lysine
residues, the crystallites in the copolymers are smaller and less
perfect and therefore melt at a lower temperature. These smaller
less perfect crystallites in the copolymers degrade more quickly
than the larger defect-free crystallites of PLA. Therefore, the PLA-
co-LYS degrades more quickly mainly due to the disruption of the
crystalline region by the lysine residues.
The appearance of the PLA samples went from an opaque
crystalline material to a white brittle material over the course of
22 weeks. The copolymers behaved in a similar manner except that
the process was much faster. The Prot. PLA-co-LYS was quite
brittle by 5 weeks while the PLA-co-LYS was already brittle and
broken at 3 weeks. The difference in the starting molecular weights
are definitely responsible for these differences in physical strength
reduction.
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Figure 6-5
Comparison of Molecular Weight Loss for
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The melting temperature and heat of fusion data for the PLA-
co-LYS are compared to the values for PLA in Figures 6-7 and 6-8.
The heat of fusion is directly proportional to the percent
crystallinity of the polymer. A larger heat of fusion indicates a
higher crystallinity. Two trends were observed. As the degradation
proceeded, the crystallinity increased for both samples while the
melting temperatures decreased. Thus, it appears that the
amorphous regions are degraded and eliminated first, leaving behind
a more crystalline material as expected93, 95, 97-99. The lower
melting temperatures indicate that the crystallites that remain
become smaller and/or have more defects. The same trends were
observed for the Prot. PLA-co-LYS as shown in Figures 6-9 and 6-10.
As mentioned earlier, the PLA samples have higher melting
temperatures than the copolymer, which is evident in both Figures
6-7 and 6-9.
The release of lactic acid was measured by an enzymatic
assay. Figures 6-11, 6-12, and 6-13 show the amounts of lactic
acid released for the different sample types. The weights of
samples that were removed form the degradation study at various
time points are also provided. In general, the release of lactic acid
correlates well to the loss of mass. However, the amount of lactic
acid detected by the assay only accounts for about half of the mass
loss. This discrepancy is more clearly illustrated in Figures 6-14
and 6-15. The total area under the combined curves decreases since
the lactic acid assay does not detect 100% of the lactic acid
released. As noted earlier, the degraded polymer chains probably
solubilize before reaching the monomeric state, and one study has
detected the presence of the dimer of lactic acid, lactyl lactate in
the degradation buffer100 . It is suspected that the enzymatic assay
does not respond to any form of lactic acid other than the monomeric
unit. Therefore, the discrepancy between the lactic acid release
data and the weight losses of the samples suggests that monomeric
lactic acid is not the only degradation product. Dimers and other
short oligomers are released into the buffer as well.
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Figure 6-7
Melting Temperatures for PLA-co-LYS and PLA
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Figure 6-9
Melting Temperatures for Prot. PLA-co-LYS and PLA
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Heat of Fusion for Prot. PLA-co-LYS and PLA
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Figure 6-11
Lactic Acid Release and Mass Loss for PLA
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Figure 6-12
Lactic Acid Release and Mass Loss for Prot. PLA-co-LYS
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Figure 6-13
Lactic Acid Release and Mass Loss for PLA-co-LYS
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Figure 6-14
Area Comparison of Weights for Prot. PLA-co-LYS
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The copolymer composition was determined by amino acid
analysis. Additional copolymer composition data were obtained
from 1H NMR for the Prot. PLA-co-LYS samples. These data are
summarized in Table 6-3. The lysine content decreases as the
polymer degrades, with the greatest change occurring as the
molecular weight values asymptote to their lower limits around
week 15. Two factors contribute to this decrease in lysine content.
First, the lysine is likely to be concentrated in the amorphous
regions. Since these regions degrade more quickly and are removed,
the overall lysine content decreases. Second, the oligomers
containing lysine will be able to dissolve at a higher molecular
weight due to their greater hydrophilicity compared to oligomers
containing only lactic acid. Therefore, oligomers containing lysine
will be removed from the device more quickly than those with few
or no lysine units.
Finally, the 1H NMR spectra shown in Figure 6-16 reveal some
interesting changes between weeks 13 and 17 for the Prot. PLA-co-
LYS sample. A very broad peak develops around 3.3 ppm by week 13.
Over the next 4 weeks, this peak becomes more narrow and migrates
to 2.38 ppm. After week 17, the peak remains unchanged. The PLA-
co-LYS samples exhibited similar changes over the same time
period.
The decrease in the lysine content coincides with the changes
in the 1H NMR spectra. Also, the molecular weights of the
copolymers asymptote to their lower limits at this time as the
solubility limit of the chains in water is approached. Polymer
chains below a particular molecular weight cut-off dissolve in the
aqueous buffer and are removed. The extra peak probably develops
due to the increase of hydroxy end groups that occurs as the
molecular weight decreases. The change in position may be due to
the increasing concentration of hydroxy groups in the NMR test
solution since a similar quantity of sample was used for each
analysis. Once the molecular weight levels off, the concentration of
hydroxy groups in the NMR test solution remains farily constant.
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Therefore, the hydroxy peak stops shifting. The carboxylic acid end
group was not detected, indicating that the carboxylic acid may not
be protonated. A quartet also develops at 4.35 ppm which can be
attributed to the CH of the end group.
Table 6-3
Copolymer Composition of Degradation Study Samples
AAA 1 H NMR AAA
Time Lysine Lysine Time Lysine
Sample (weeks) (%) * (%)t Sample (weeks) (% ) *
Protected
PLA-co-LYS 0.0 0.79 1.5 PLA-co-LYS 0.0 0.73
1.0 0.60 1.5 1.0 0.60
3.0 0.79 1.6 3.0 0.72
5.0 0.93 1.5 5.0 0.59
7.0 1.04 1.5 7.0 1.01
9.0 0.87 1.5 9.0 0.90
11.0 0.83 1.5 11.0 0.74
13.0 1.30 1.5 13.0 0.44
15.0 0.81 1.2 15.0 0.50
17.0 0.49 0.9 17.0 0.28
19.0 0.52 0.9 19.0 0.21
21.0 0.43 0.9 21.0 0.33
23.0 0.42 0.9 23.0 0.30
*Determined by Amino Acid Analysis. See Section 5.4.2.
tDetermined by 1H NMR. See Section 4.5.2.
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Figure 6-16
1H NMR of Prot. PLA-co-LYS Degradation Study Samples
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6.5 Conclusions and Future Work
Several techniques were evaluated for the processing of the
copolymer, and the best results were obtained from solvent casting.
This technique produced transparent films that were thin, strong,
and flexible. However, if the solvent casting technique is to be used
in the future, the evaporation rate must be controlled more precisely
in order to obtain good reproducibility. In addition, the processing
conditions should be designed to optimize the surface properties
since the processing conditions can have a large influence on these
properties. Overall, the future processing studies will focus on
producing devices suitable for in vivo studies. The in vivo work will
require more complicated structures such as porous sponges or
hollow tubes. Also, if the vacuum grease contaminant cannot be
completely eliminated from the copolymer as discussed earlier in
Chapter 4, then the processing conditions will have to be designed to
prevent this contaminant from reaching the surfaces of the
processed copolymer devices.
The main conclusion from the ESCA analysis of the copolymer
surfaces is that the processing does have a large influence on the
surface chemistry as expected. The results from the ESCA analysis
provided evidence of: 1) primary amino groups on those surfaces in
contact with hydrophilic environments during processing and 2)
vacuum grease on those surfaces in contact with hydrophobic
environments during processing. Future research should focus on
quantitating the ESCA results and implementing other surface
analysis techniques such as secondary ion mass spectroscopy
(SIMMS).
The results from the degradation study indicate that the poly
(lactic acid-co-lysine) films undergo hydrolytic bulk degradation
under biological conditions. Due to the lysine residues that disrupt
the crystalline regions, the degradation of the copolymer is faster
than that of the poly (lactic acid) homopolymer. If copolymer
samples with new or improved properties are synthesized, they will
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have to be analyzed for their degradation behavior. Factors that
would require the degradation behavior to be reevaluated would
include significantly improved molecular weights or a large increase
in the lysine content. Also, copolymerizing the lysine monomer with
D,D- or a mixture of D,D- and L,L-lactide would certainly change the
degradation behavior as well. Finally, it would be necessary to
evaluate the degradation behavior of devices formed from new
processing techniques. Quantitating the physical strength of the
devices may also provide useful information.
6.6 Experimental
6.6.1 Equipment and Supplies
Sulfosuccinimidyl-4-O-(4,4'-dimethoxytrityl)-butyrate was
purchased from Pierce. The lactic acid assay reagent and standard
were purchased from Sigma. Sigma refers to this reagent as lactate
reagent.
A Carver Model C Lab Press was used for the compression
molding. UV data was collected on a Perkin-Elmer 553 Fast Scan
UV/VIS Spectrophotometer. ATR-FTIR spectra were recorded on a
BioRad FTS-40 instrument using an ATR accessory and a germanium
450 crystal from Harrick Scientific Corp. Molecular weight data
were collected on a Perkin-Elmer GPC system consisting of a Series
10 pump, an LKB 2140 rapid spectral detector at 259 nm, an LC-25
refractive index detector, and a PE 3600 Data station. The eluent
was chloroform, and the column was a mixed bed Phenogel column
with 5 lim particles from Phenomenex. The molecular weights were
determined relative to narrow molecular weight polystyrene
standards from Polysciences. Thermal transition data were
collected with a Perkin-Elmer DSC-7. The sample size ranged from
2-8 mg, and indium was used for both the temperature and enthalpy
calibrations. Each sample was subjected to heating only from 0-200
oC at a rate of +10OC/minute. 1H NMR was recorded on an instrument
from Bruker operating at 250 MHz using CDCI 3 as the solvent.
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6.6.2 Analytical Techniques
Detection of Lysine Residues by 1H NMR: See Section 4.5.2.
Amino Acid Analysis: See Section 5.4.2.
Lactic Acid Assay: The reagent was prepared according the
manufacturer's directions. The standard was diluted to yield
concentrations of 0.2 to 0.02 mg/ml of lactate. A volume of 20 pl of
either the standards or the samples was added to a disposable
cuvette, and then 1 ml of the reagent was addded. The solution was
agitated gently and allowed to incubate for 5 minutes at room
temperature. The absorbance was then measured against a reagent
blank at 540 nm.
6.6.3 Polymer Processing
Melt Casting: The teflon mold (1.8 cm diameter) was cleaned by
rinsing with chloroform and drying with a stream of nitrogen. The
copolymer was weighed (300 mg) into the mold and put into a
constant temperature oven for 15 minutes at 175 oC. The copolymer
was then rapidly quenched by transferring the mold from the oven to
a tray containing liquid nitrogen. After 5 minutes in liquid nitrogen,
the samples were allowed to come to room temperature, removed
from the mold, and placed in storage containers.
Compression Molding: A die with a diameter of 1.43 cm was
prepared by applying teflon coated release tape to the ends of both
plungers. The two plates of the press were brought to the desired
temperature. The polymer powder was ground with a mortar and
pestle for a few minutes, and then 150 mg was added to the die. The
plungers were twisted to help evenly distribute the polymer powder.
The die was put into the press, and pressure was applied until the
gauge read 10,000 psi. After 15 minutes the pressure was released,
and the die was turned 1800. The pressure reading was brought back
to 10,000 psi for another 15 minutes. The pressure was released
again and the die allowed to cool (about 30 minutes) before the
polymer disc was removed and placed in a storage container.
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Solvent Casting: Glass beakers (10 ml, diameter 2.2 cm) or small
teflon beakers (diameter 1.8 cm) were washed with chloroform and
blown dry with a high velocity nitrogen stream. Dust or other debris
was also removed by this process. The copolymer (100 mg for the
glass beakers and 120 mg for the teflon beakers) was carefully
weighed directly into the clean containers, and then 2 ml of
chloroform was added. The evaporation was controlled as shown in
Figure 6-17. Up to 12 of the small beakers were put onto a flat
glass surface, in this case a 15 cm diameter Pyrex culture dish.
These small beakers were then covered with a 12.5 cm diameter, 6.5
cm tall crystallizing dish. Vacuum grease was applied at the
junction of the two glass pieces to control the evaporation. This
technique was not very reproducible. The best results were obtained
with an evaporation time of 48 hours. After the films were dry,
they were removed from the beakers and put under high vacuum to
remove any residual solvent. The films cast on teflon were easily
removed, but those cast on glass could not be removed without
damaging the films. Consequently, the films in the glass beakers
were covered with water for 4 hours. After this treatment, the
films could be removed with minimal damage, although it was still
difficult occasionally. The wet films were allowed to air dry before
being put under high vacuum.
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Figure 6-17
Solvent Casting Apparatus
Crystallizing Dish
A I
Pyrex Culture Dish
Porous Disc Processing: Glass beakers (10 ml, diameter 2.2 cm)
were washed with chloroform and blown dry with a high velocity
nitrogen stream. Dust or other debris was also removed by this
process. The copolymer (100 mg) and sodium chloride particles (900
mg, 0.106 to 0.150 mm diameter) were carefully weighed directly
into the clean containers, and then 2 ml of chloroform was added.
The evaporation was controlled as described for the regular solvent
casting. The experimental apparatus is shown in Fugre 6-17. The
solvent was allowed to evaporate for 72 hours. After the films
were dry, they were covered with water to remove the salt crystals.
The water was replaced two times, giving a total leaching time of
103 hours. After the leaching was complete, the water was
removed, and the porous discs were allowed to air dry. After the
films were dry, they were removed from the beakers and put under
high vacuum. The discs were very hard to remove from the beakers
and broke up into many pieces.
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6.6.4 Surface Characterization
Colorimetric Surface Amino Group Assay: This assay involves
reacting the surface amino groups with sulfosuccinimidyl-4-O-
(4,4'-dimethoxytrityl)-butyrate. After removing the excess reagent,
the surface is exposed to perchloric acid, which releases a
dimethoxytrityl cation that absorbs light very strongly at 498 nm.
A 36% perchloric acid solution and 0.05M sodium bicarbonate,
pH 8.5 buffer were prepared. Care was taken to insure that the
perchloric acid solution was never allowed to evaporate to dryness.
Dried perchloric acid can explode if subjected to a sudden impact.
All glassware in contact with the perchloric acid was rinsed
thoroughly with water immediately after the procedure was
complete. The reagent was prepared by dissolving 11.2 mg of
sulfosuccinimidyl-4-O-(4,4'-dimethoxytrityl)-butyrate in 0.5 ml of
dimethylforamide and then adding 4 ml of the sodium bicarbonate
buffer. The concentration of the reagent was 4.1 gniol/ml.
The standards were prepared by diluting the reagent and then
adding an equal volume of the perchloric acid solution. The
concentrations ranged from 20.5 to 1.3 nmol/ml. The polymer films
were analyzed by immersing the disc in the reagent solution for 30
minutes. The polymer films were then rinsed with excess water.
Next, 1 ml of the perchloric acid solution was used to release any
bound reagent. After 30 minutes, the absorbances of the standards
and the samples were measured against a reagent blank at 498 nm.
ESCA: The ESCA data were collected and analyzed by the National
ESCA and Surface Analysis Center for Biomedical Problems with
funding from the Division of Research Resources, N. I. H. Grant
RR01296. Upon completion of the solvent casting process, the films
were placed in sterile polystyrene tissue culture dishes. Routine
precautions were taken to avoid contaminating the samples during
the mounting procedure. The instrument was a Surface Science
Instruments (SSI) X-Probe with an aluminum Kal,2 monochromatized
X-ray source. An electron flood gun set at 5 eV was used to
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minimize surface charging of the samples. The binding energy scale
was referenced by setting the CHx peak maximum in the Cls
spectrum to 285.0 eV. Typical pressures in the analysis chamber
during spectral acquisition were 10-9 torr.
Pentafluorobenzaldehyde Surface Treatment: The ends of
small electrical clamps were wrapped in teflon tape. These clamps
were used to grip the films by the lip formed during the solvent
casting procedure. More teflon tape was drapped over the edge of an
elenmeyer flask and held in place by a piece of tape on the outside of
the flask. The films were suspended in the erlenmeyer flask by
tieing the clamps to the teflon tape drapped over the edge of the
flask. Several drops of the pentafluorobenzaldehyde were added to
the bottom of the flask. After the flask was sealed with the ground
glass stopper, it was placed on a 55 oC heating mantle for 1 hour.
The flask remained undisturbed for another 2 hours after being
removed from the heating mantle. After the cooling was complete,
the films were transferred to polystyrene tissue culture dishes and
allowed to remain in the hood for 24 hours. Finally, the films were
put under high vacuum for at least 24 hours.
6.6.5 Polymer Degradation
The polymer discs were produced by solvent casting as
described above. The amount of polymer powder used for each disc
was 102 + 0.5 mg. However, after the proccessing was complete,
the discs weighed between 110 and 115 mg. Residual solvent may
account for this increase. Also, the first disc removed from the
degradation buffer for all three types of samples weighed about 10
mg less even though no lactic acid was detected in the buffer. This
could be due to the loss of residual solvent. However, since the
source of the increased weight was not confirmed, the higher values
were used as the initial weights.
Each polymer disc was accurately weighed and decontaminated
by exposure to UV radiation for 15 minutes per side. The sterile
discs were transferred to sterile 30 ml polyethylene vials with flip
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tops. The discs were covered with 10 ml of sterile pH 7.1 PBS. The
flip tops were closed and the vials were transferred to a 37 ±1 OC
incubator and rotated at 120 rpm. Every 7 days, the buffer was
removed and replaced with fresh buffer under sterile conditions.
The buffer samples collected in this manner were stored at 4 OC and
were analyzed for lactic acid content within 2 weeks. The pH of the
buffers did not change.
When the samples were removed from the degradation buffer,
they were rinsed for 15 minutes in distilled water, allowed to air
dry, and then vacuum-dried for at least 48 hours before being
subjected to the various analysis techniques.
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CHAPTER 7
BIOLOGICALLY ACTIVE MOIETY ATTACHMENT
7.1 Introduction
Two general approaches can be taken when considering the
attachment of a biologically active moiety to the poly (lactic acid-
co-lysine) copolymer. In the first approach, the polymer would be
processed into the appropriate shape, and then the moiety would be
attached to the surface of the device. The second approach involves
attaching the moiety to the solubilized polymer prior to the
processing step. There are advantages and disadvantages to both
approaches.
The first attachment approach involves modification of only
the surface. By creating the device first, new biologically active
moieties could be tested without repeating the processing step.
Also, since only the surface would be modified, a very small
quantity of the active moiety would be required. Using less of the
active moiety is advantageous since the active moieties may often
be in short supply. However, the biodegradable nature of the
copolymer creates a potentially serious disadvantage to this
attachment approach. Even if the moiety is successfully attached to
the surface, this surface layer may be rapidly eliminated due to the
hydrolytic degradation of the polymer under biological conditions.
The time required for the complete removal of the first few
atomic layers is not known. A maximum rate can be estimated from
the degradation study data. If all of the mass loss were to come
from the surface (which of course it does not), then the surface
would be eliminated at a rate of about 100 A/hour. The surface may
lose mass a little faster than the interior of the film, but this value
is definitely an upper limit. The actual removal rate is probably at
least one or two orders of magnitude lower. However, it does seem
possible that the first 5-10 A could be lost during a 24 hour period.
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Since some degradation may take place during the surface
modification procedure itself, this attachment approach may not be
feasible for this copolymer system.
The alternative approach is to modify the entire sample in the
bulk and to then process the device. By adding the biologically
active moiety first, the processing step must be repeated for each
new active moiety, and more of the active moiety must be used for
each device. However, for this bulk attachment strategy,
elimination of the first surface layer of material due to hydrolytic
degradation of the polymer under biological conditions is not a
problem. If the first layer were eliminated, similar modified
material would be available underneath. Figure 7-1 illustrates the
difference between these two attachment approaches.
The biologically active moiety used in Figure 7-1 is the one
that was chosen for most of the modification reactions. The amino
acids have been abbreviated using the standard single letter
abbreviations. In this case, GRGDY stands for glycine-arginine-
glycine-aspartic acid-tyrosine. This peptide contains the amino
acid sequence RGD, which has been shown to promote cell
adhesion1 7-20. Since its identification, RGD-containing peptides
have been attached to many synthetic materials with the intention
of promoting cell adhesion to these surfaces78 , 01-111. The GRGDY
peptide has been used in many of these studies. The extra glycine
provides spacing, and the tyrosine is used for radiolabeling with
1251.
The key issue in choosing an attachment approach is the time
of the surface layer elimination versus the time needed for the
active moiety to serve its function. As mentioned above, the
function of the RGD-containing peptide is cell adhesion. Initial cell
adhesion occurs over the course of several hours. After a longer
period of time, on the order of days, the cells start to secrete their
own extracellular matrix. At this time the surface that the cells
were intially adhered to becomes less important. Since the
hydrolytic surface elimination rate is not known exactly, both the
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Figure 7-1
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surface and bulk modification approaches may be able to satisfy
these time constraints. Consequently, both approaches were
investigated.
7.2 Surface Modification
7.2.1 Surface Analysis Techniques
In order to determine if the surface has been modified, an
appropriate surface analysis technique must be identified. Three
surface analysis techniques were considered: 1) Attenuated Total
Reflectance-FTIR (ATR-FTIR), 2) Electron Spectroscopy for Chemical
Analysis (ESCA), and 3) radiolabeling of the compounds being
attached.
Modification of the polymer surfaces with aqueous based
reagents should occur in a layer of similar depth to that with which
the cells can interact. ATR-FTIR was considered even though it
analyzes a layer 6000 A deep because if any GRGDY peptide were
detected by ATR-FTIR after modification, this would indicate that
the peptide was available for interaction with the cells.
Unfortunately, the detection limit for GRGDY was approximately
1000 pmol/cm 2 . At a depth of 10 A, the surface density of amino
groups in the copolymer that are available for reaction is only about
5 pmol/cm 2 , and it is unrealistic to expect all of them to react.
Consequently, the ATR-FTIR technique is not sensitive enough to
detect GRGDY at the surface concentrations expected on the modified
films.
As discussed in Chapter 6, ESCA provided very useful
information concerning the surface properties of the films produced
by different processing techniques. Since GRGDY is relatively rich in
nitrogen, ESCA should detect an increase in nitrogen upon surface
modification. Unfortunately, nitrogen can be difficult to quantitate,
especially at the low levels expected from the samples. The films
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analyzed in Chapter 6 had values of 1.8 and 2.2 % nitrogen which are
several times the calculated value of 0.6 % nitrogen based on the
lysine content determined by 1H NMR. If all of the available amino
groups reacted with GRGDY, the calculated nitrogen content would go
up from 0.6 % to 2.0 %. Due to this lack of accuracy in nitrogen
detection, an increase in nitrogen might not be detected even if the
modification was successful. Also, the uncertainties associated
with quantitating nitrogen mean that an increase in nitrogen by
itself would not be sufficient to confirm the presence of the
peptide. Other independent confirmation would be necessary.
The use of radiolabeled compounds offers much greater
sensitivity. For example, as little as 25 fmol of tritiated glycine
can be detected with a scintillation counter. However, there are
many problems as well. The labeled GRGDY peptide is not available
commercially. Although widely used techniques are available for
labeling the GRGDY peptide with 1251, these techniques have some
limitations. High labeling efficiency is necessary in order to
maintain good sensitivity. Even if high labeling efficiency is
obtained, there is always a certain amount of the 1251 that
dissociates from the labeled molecule. It is difficult to accurately
determine the amount of free versus bound 1251, and this free 1251
can give false positive results. These limitations will be discussed
further in conjunction with the results from the surface attachment
studies.
7.2.2 Attachment Chemistry Options
A large variety of methods have been developed to attach
ligands to solid supports due to the success of affinity
chromatography 1'2, 113. However, each new ligand/support pair
requires optimization of the attachment chemistry. The three
strategies used for the attachment of the GRGDY peptide to the
copolymer surface are shown in Figure 7-2. These options were
chosen because they are compatible with this copolymer system.
Many attachment chemistries require the use of organic solvents
that would dissolve the films. Even very poor solvents for the
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Options
copolymer, such as acetone and dioxane, can not be used since the
films dissolve just enough to lose their integrity.
All of the attachment chemistries in Figure 7-2 are directed
toward linking the amino terminus of the peptide to the amino group
on the surface. Chemistries directed toward linking the carboxylic
acid groups of the peptide to the primary amino groups on the
surface were not considered because of the aspartic acid side chain
in GRGDY. This carboxylic acid group is important to the activity of
the RGD containing peptide' 7, 19. Attachment strategies utilizing
the C-terminus carboxylic acid group would also probably react with
the carboxylic acid group of the aspartic acid residue.
7.2.3 Surface Modification Results and Discussion
Table 7-1 summarizes the analysis techniques that were used
for each of the attachment chemistries. Unfortunately, the
attachment of a moiety to the primary amino groups on the polymer
surface could not be confirmed for any of these combinations. Either
the chemistry or the detection method or both failed for each
experiment. The details of each attempt are given below.
Table 7-1
Chemistries and Analysis Techniques
Chemistry < Carboxylic Acid
Analysis BS3  Glutaraldehyde Activation
ESCA X X
ATR-FTIR X X
Radiolabeling X X
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The first attachment strategy used was the bifunctional linker
bis(sulfosuccinimidyl) suberate (BS3)114, 115. Both ends of this
bifunctional molecule will react with amino groups to form amide
bonds as shown in Figure 7-2. In order to prevent bridging between
the amino groups on the surface, a huge excess of the reagent is used
in the first step of the reaction. Once the excess reagent is
removed, the film is immersed in a solution of the moiety to be
attached.
For the initial experiments, 3 H glycine was used as a model
compound. Since each new ligand/support pair requires the
optimization of the attachment chemistry, using GRGDY would have
been preferred. However, the 3H glycine was used because it was
readily available from commercial sources.
The results indicate that the coupling was unsuccessful. In a
typical experiment, 155 fmol/cm 2 of 3H glycine was detected on the
surface of the polymer films. However, controls that were exposed
to the 3 H glycine without the coupling reagent had values of 142
fmol/cm 2 . More extensive washing procedures produced samples
with 28.5 fmol/cm2 and controls with 25.1 fmol/cm2 . If the
attachment had been 100 % successful, the maximum level of 3 H
glycine for these films would be 4,500 fmol/cm2 assuming an
access layer of 10 A. These results indicate that the 3 H glycine is
nonspecifically adsorbing to the surface and not actually attaching.
One explanation for the lack of attachment is that side
reactions are preventing the formation of the desired amide bonds.
Hydrolysis of the N-hydroxysulfosuccinimide esters can occur during
the attachment reactions. In pH 8 HEPES buffer at 25 OC, the half
life of the activated ester has been reported to be 0.97 hours116. If
either one of the BS3's N-hydroxysulfosuccinimide esters are
hydrolyzed, then the linker can no longer function as intended. For
example, if one of the esters reacts with the surface amino group
and the other ester is hydrolyzed, then no 3H glycine can be attached
to this site. After the excess BS3 is removed and the 3H glycine is
added, the N-hydroxysulfosuccinimide esters can continue to
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hydrolyze or react with the amino groups of the 3 H glycine. The rate
constant for the reaction of the ester with an amino group is only
2.5 times larger than the hydrolysis rate constant116. Increasing the
glycine concentration could help but is not realistic since excess
peptide can not be used due to its limited supply. Also, increasing
the glycine concentration by adding cold glycine to the 3H glycine
would decrease the sensitivity of the detection method.
Another possible explanation for the lack of attachment is that
the processing of the film has caused the amino groups to migrate
away from the surface of the films. In this case, the amino groups
would be unavailable for reaction. This type of migration is
certainly a good possibility considering the vacuum grease
contamination discussed in Chapter 6. To determine if access to the
amino groups was the problem, a control experiment was conducted.
Commercially available agarose beads containing amino groups were
subjected to the same reaction conditions used for the films.
However, no attachment of glycine to the beads was observed under
these conditions. Therefore, it was concluded that the competition
from the hydrolysis reaction was too high for significant coupling to
occur.
Since the coupling with the BS3 bifunctional reagent was not
successful due to the competing hydrolysis, some experiments were
conducted using glutaraldehyde as the coupling reagent.
Glutaraldehyde is quite stable in water yet the aldehydes react with
primary amino groups to form imine bonds. More stable secondary
amino groups can then be obtained by reducing the imines. Also, the
use of glycine as a model compound was discontinued at this time
since it was felt that the GRGDY peptide would probably react
differently then the simple amino acid glycine and because the
peptide became available.
The surfaces modified with the GRGDY peptide using
glutaraldehyde were analyzed by ATR-FTIR, ESCA, and by using 1251
labeled peptide. Samples were prepared by activating the surface
with excess glutaraldehyde. Then this surface was reacted with
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either cold GRGDY for the ATR-FTIR and ESCA studies or the 1251
labeled peptide for the radioactivity analysis.
Analysis of the glutaraldehyde/peptide modified surfaces by
ATR-FTIR did not show any indication of peptide. The spectra before
and after modification were identical. The peptide may have
actually attached to the surface but not been detected due to the
inadequate sensitivity of the ATR-FTIR technique. ESCA analysis of
the glass contacted surfaces of both the control and the sample from
the peptide modification revealed no increase in nitrogen. Both the
control and sample had nitrogen contents of around 1%.
The results from the surface modification using the 1251
labeled peptide are summarized in Table 7-2. As mentioned
previously, there are 4.5 pmol/cm 2 of amino groups available for
reaction assuming an access layer of 10 A. The two negative
controls had peptide densities of 23.0 pmol/cm 2 for Control A and
2.3 pmol/cm 2 for Control B which are both higher than the
1.8 pmol/cm 2 detected on the surface of the Sample. This indicates
that the peptide is nonspecifically adsorping to the polymer surface
despite the use of an extremely thorough washing procedure. It is
also possible that the signal is from free 1251 that is not bound to
the peptide. Unfortunately, the fraction of the 1251 molecules that
are free is unknown and not easily determined.
Reacting the surface amino groups with cold glycine before
exposing the surface to the 1251 labeled peptide seems to greatly
diminish the nonspecific adsorption. This result indicates that the
nonspecific adsorption might somehow involve the primary amino
groups. However, there were some slight experimental variations in
Control A compared to Control B and the Sample. The biggest
difference is that the films for Control B and the Sample were
boiled in water for one minute before the activation procedure was
started in order to enhance the availability of the surface amino
groups. It is unknown if this experimental variation could account
for the difference in the 1251 signal. The vacuum grease
contaminant might also contribute to the nonspecific adsorption. It
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is unknown how the boiling procedure affects this surface
contaminant. Overall, the results in Table 7-2 for the surface
modification with the 1251 labeled peptide indicate that this
detection method was unsuccessful due to nonspecific adsorption of
the labeled peptide or the free 1251.
Table 7-2
Results of Surface Modification with the 1251 Labeled Peptide
Peptide Density
Sample Conditions (pmol/cm 2 )
Control A* 1) Expose to 1251 labeled peptide only 23.0
Control B 1) Activate with glutaraldehyde 2.3
2) React with cold glycine
2) Expose to 1251 labeled peptide
Sample 1) Activate with glutaraldehyde 1.8
2) Expose to 1251 labeled peptide
*Minor experimental variation. See Note 1 in the Experimental Section.
The last chemical attachment strategy shown in Figure 7-2
involves the following steps. First the primary amino group is
converted into a carboxylic acid' 12. The carboxylic acid is then
activated by converting it into an N-hydroxysulfosuccinimide ester
through the use of 1 -ethyl-(3,3'-dimethylaminopropyl)-carbodiimide
(EDC) and N-hydroxysulfosuccinimide (sulfo-NHS) 117-120. During this
coupling reaction, hydrolysis of the N-hydroxysulfosuccinimide
ester is only a concern during the last step. In comparison,
hydrolysis of the N-hydroxysulfosuccinimide esters was a problem
during both steps of the coupling reaction involving the BS3 linking
reagent.
The surfaces modified using the N-hydroxysulfosuccinimide
carboxylic acid activation chemistry were analyzed by ATR-FTIR and
ESCA. ATR-FTIR did not indicate the presence of any peptide.
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Identical spectra were obtained both before and after modification.
These results were expected given the low sensitivity of the ATR-
FTIR technique that was discussed previously. ESCA analysis of the
glass contacted surfaces showed a small increase in the nitrogen
from 1.1% for the control to 1.9% for the sample. However, these
values are not significantly different, so no confirmation of the
peptide attachment can be made.
7.2.4 Final Observations from Surface Modification Studies
Using the surface modification approach to attach the peptide
to the poly (lactic acid-co-lysine) copolymer films was not
successful. Due to the various difficulties with the analysis
techniques and the chemical reactions, it can not be determined
from the present data whether or not the peptide was successfully
attached to the polymer surfaces with any of the linking reagents.
The surface modification method suffers from two major
problems. First, an analysis technique has not been found that can
accurately determine surface concentrations of the GRGDY peptide in
the range of 1 to 1000 fmol/cm 2. Second, as mentioned in Section
7.1, even if the peptide does attach to the surface, this modified
surface layer may be quickly eliminated through hydrolytic
degradation of the polymer. If this were the case, no peptide would
be detected by any surface analysis technique.
7.3 Bulk Modification
With the bulk modification approach, a biologically active
moiety is attached in solution to the copolymer prior to processing.
One advantage of the bulk approach over the surface modification
approach is that regular bulk analysis techniques, such as amino acid
analysis, can be used to analyze the samples. One of the greatest
challenges to this technique is finding a common solvent for the
copolymer, the active moiety, and the linking reagent.
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The linking reagent chosen for the bulk attachment was 1,1'-
carbonyldiimidazole (CDI). The chemistry for the CDI linking
reaction is illustrated in Figure 7-3. The solvent system that was
found to solubilize all three components was a mixture of
dimethylsulfoxide (DMSO) and CH2CI2. The polymer is very soluble in
CH2CI 2 and slightly soluble in DMSO, while the peptide is soluble in
DMSO and completely insoluble in CH2CI2.
Besides the desired reaction between the peptide and the
polymer, two other reactions can occur as well. Two peptide
molecules or two polymer residues can be linked together. The
polymer-polymer coupling can occur intramolecularly or
intermolecularly. The intermolecular polymer coupling would cause
the molecular weight to increase due to crosslinking. If enough
crosslinking occurs, a polymer gel may be formed in cases where
there are two or more amino groups per polymer chain. The peptide-
peptide coupling is not really a concern although it does consume the
peptide without forming the desired peptide-polymer bond. The
peptide-peptide product is removed during the purification step.
The conditions used for the attachment of the GRGDY peptide to
the polymer in solution using CDI are given in Table 7-3. Two
different sequences were used to add the reagents. In the first
sequence, the copolymer and peptide were first dissolved in the
common solvent, and then the CDI was added to the reaction. A
control was also prepared by not adding CDI to the reaction. In the
second sequence, the copolymer and the CDI were allowed to react
first for a few minutes, and then the peptide was added. Two
controls were prepared for comparison to Sample 2. The first
control, Control 2a, was identical to Sample 2 except that a
copolymer that had not been deprotected was used in place of the
deprotected copolymer. Control 2b was prepared with the
deprotected copolymer but without peptide. Molecular weight,
peptide content, and amino group content were measured for the
samples and controls. The results from these experiments are
summarized in Table 7-4.
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Figure 7-3
Bulk Peptide Attachment to PLA-co-LYS Using CDI
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Table 7-3
Conditions for Bulk Peptide Attachment Using CDI
Final
Volume
Copolymer CDI Peptide (m i)Sample (lmol NH2) (ltmol) (tlmol) Order of Addition (%DMSO)
Sample 1 6.3 23.1 2.0 Peptide, Polymer, 4.1
CDI (in batches (67%)
over 4 hours)
Sample 1 24.1 52.4 17.7 Peptide, Polymer, 20(repeat) CDI all at once (58%)
Control 1 6.3 0.0 1.9 Peptide, Polymer, 3.8
No CDI (7 3%)
Sample 2 24.2 66.2 9.4 Polymer, CDI 20
(CH2CI2 only), (58%)
Peptide in DMSO
Control 2a 0.0 9.6 1.4 Polymer, CDI 2.6
Use Protected (CH2CI2 only), (58%)
Polymer Peptide in DMSO
Control 2b 6.7 18.4 0.0 Polymer, CDI 3.8
(CH2CI2 only), (58%)
DMSO, No Peptide
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Table 7-4
Results from Bulk Peptide Attachment Using CDI
Attached Amino Groups
Mn Mw Peptide* Remainingt
Sample (g/mol) (g/mol) (4imol/g) (Rlmol/g)
No Reaction 26,700 39,700 - - - 48.4
Sample 1 N. D. N. D. 3.1 N. D.
Sample 1 N. D. N. D. 2.6 7.7
(repeat)
Control 1 N. D. N. D. 0.0 N. D.
Sample 2 40,200 58,900 1.7 11.4
Control 2a N. D. N. D. 0.0 **0.0
Control 2b 42,500 63,800 0.0 17.4
N. D.=Not Determined
*Determined by Amino Acid Analysis. See Section 5.4.2
tDetermined by Colorimetric Amino Group Assay. See Section 5.4.2
**Since this was the protected polymer, there were no amino groups initially.
For comparison to the %Lysine data from Chapter 4, 1% =135 gimoVg
Overall the results indicate that the peptide can be attached to
the copolymer with the CDI linking reagent. The detection of the
peptide by amino acid analysis confirms that the peptide is attached
to the copolymer. The amino acid analysis results for Sample 1 and
Control 1 are shown in Figure 7-4. The absence of peptide in
Control 1 and Control 2a indicates that the peptide is not simply
entrapped in the copolymer during the purification procedure. The
use of the protected copolymer along with the CDI coupling reagent
in Control 2a also confirms that the peptide is not somehow
attaching to the copolymer by the end groups.
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Figure 7-4
Amino Acid Analysis Results from CDI Peptide Attachment
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Initially, the copolymer sample started with 48.4 pLmol/g of
primary amino groups available for reaction. Less than 5 pmol/g
were used to attach the peptide, yet the available amino groups
dropped from 48.4 to below 12 gImol/g for the two Samples. This
additional consumption of amino groups can be attributed to the
polymer crosslinking reaction shown in Figure 7-3. The polymer
crosslinking reaction was confirmed by the 50 to 60 % increase in
the molecular weight values for both Sample 2 and Control 2b. The
copolymer did not gel completely since the number of amino groups
was less than 2 per chain.
The average number of amino groups per chain can be
determined from the colorimetric amino group assay data and the
number average molecular weight of the copolymer. This calculation
yields a result of 1.3 amino groups per polymer chain for the
copolymer sample used in these studies. Initially, this copolymer
sample had 7.8 lysine residues per chain as calculated from the
number average molecular weight and the 1H NMR data. However,
during the deprotection step, the molecular weight is decreased by
chain scission, the overall lysine content drops slightly, and some of
the lysine residues are not deprotected. All of these factors lead to
a decrease in the number of available amino groups per copolymer
chain. Also since the two values, 7.8 and 1.3, were calculated from
different analysis techniques, 1H NMR and the colorimetric amino
group assay respectively, they may not be directly comparable. A
correction factor may be needed to standardize the two techniques.
The order in which the reagents were added influenced the
efficiency of the coupling reaction. When the CDI was added last,
3.1 and 2.6 gpmol/g of peptide were coupled to the polymer. In
comparison, when the CDI was added second and the peptide was
added last, only 1.7 jmol/g of peptide was coupled to the copolymer.
The amino groups on the copolymer must be crosslinking before the
peptide is added, leaving less amino groups available for coupling to
the peptide.
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This polymer crosslinking reaction obviously competes
effectively even when the CDI is added last as for Sample 1 since
the percentage of the amino groups that successfully couple to a
peptide residue is less than 10% for all of the reaction conditions.
One possible way to increase the coupling efficiency would be to
first add an excess of the coupling reagent to the copolymer. By
using an excess of CDI, crosslinking would be minimized and all of
the amino groups could be activated. The difficulty is then in
removing the excess coupling reagent before the addition of the
peptide. Alternatively, an even larger excess of peptide could be
added after the CDI, but this would require more peptide than is
available.
The amount of peptide attached to the copolymer is somewhat
low but still biologically significant. Assuming a density of 1
g/cm3 and an access layer of 10 A, each jmol/g of peptide provides
a surface concentration of 100 fmol/cm 2. Consequently, a film
containing 3.1 pmol/g of peptide would have a surface concentration
of 310 fmol/cm2 if the surface were the same as the bulk. As
mentioned previously, 1 fmol/cm 2 can effectively promote cell
adhesion78 . It might be possible to incorporate more peptide into
the polymer by further optimization of the CDI coupling reaction. It
might also be possible to increase the starting concentration of
primary amino groups by further optimization of the polymerization
and deprotection reactions.
The processing of the polymer can of course have a significant
effect on the availability of the peptide residues. Solvent cast
films were prepared from the peptide modified copolymer sample,
and surface characterization is currently in progress. The increase
in molecular weight observed during the peptide attachment reaction
due to the copolymer crosslinking should increase the processibility
of the peptide modified copolymer samples compared to the
unmodified copolymer samples.
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7.4 Conclusions and Future Work
The bulk attachment strategy using the CDI coupling chemistry
was found to be an effective method for coupling the GRGDY peptide
to the primary amino groups of the poly (lactic acid-co-lysine)
copolymer. Although improvements could be made to the coupling
efficiency, biologically significant quantities of the peptide have
been incorporated into the copolymer. The alternative approach
using surface modification was unsuccessful. If this surface
modification strategy is to be investigated futher, it will be
necessary to find a surface analysis technique that can detect the
biologically active moieties at surface concentrations in the range
of 1 to 1000 fmol/cm 2.
One possible area for future research is the optimization of
the CDI copolymer-peptide linking reaction. Some specific
possibilities were mentioned in the discussion of this chapter.
Other linking reagents could also be considered. For example, a
bifunctional linking reagent that is similar to BS3 but also soluble
in organic solvents is commercially available. Besides optimizing
the attachment strategy, other biologically active moieties could be
investigated for their ability to attach to this polymer system.
Another future challenge will be the evaluation of this new
material for its ability to promote cell adhesion. One important
factor will be the purity of the copolymer. It will be necessary to
ensure that all of the sites that have been activated but not linked
to the peptide are deactivated before starting any cell culture
studies. The processing of the polymer samples and the character of
the surfaces of the resulting devices will also be important in
understanding the results from the cell culture studies. A new
secondary ion mass spectroscopy (SIMMS) technique is currently
under development at the National ESCA and Surface Analysis Center
for Biomedical Problems under the direction of Professor B. Ratner.
This new SIMMS technique may be able to detect and perhaps
quantitate specific amino acids on the surface of the polymers.
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7.5 Exoerimental
7.5.1 Equipment and Materials
The Micro BCA Assay, lodo-Beads iodination reagent,
bis(sulfosuccinimidyl) suberate (BS3), 1-ethyl-(3,3'-
dimethylaminopropyl)-carbodiimide (EDC), N-
hydroxysulfosuccinimide (sulfo-NHS), and immobilized
diaminodipropylamine 4% cross-linked beaded agarose with 16-20
jImols amino groups per ml of gel were purchased from Pierce. The
phosphate-buffered saline was purchased from Gibco and was
specifically, Dulbecco's Phosphate-Buffered Saline without any
additives. Ecolume was purchased from ICN Radiochemicals. The 3H
glycine and Na1251 were purchased from NEN Research Products.
The 3H glycine had a specific activity of 43 Ci/mmol. The 25%
glutaraldehyde solution was purchased from Polysciences. The
Dowex 1x8-50 anion exchange resin, sodium cyanoborohydride,
succinic anhydride, and 1,1'-carbonyldiimidazole were purchased
from Aldrich. The GRGDY peptide was synthesized by the
Biopolymers Laboratory, Howard Hughes Medical Institute,
Massachusetts Institute of Technology, Cambridge, MA.
Molecular weight data were collected on a Perkin-Elmer GPC
system consisting of a Series 10 pump, a LKB 2140 rapid spectral
detector at 259 nm, an LC-25 refractive index detector, and a PE
3600 Data station. The eluent was chloroform, and the column was a
mixed bed Phenogel column with 5 gim particles from Phenomenex.
The molecular weights were determined relative to narrow
molecular weight polystyrene standards from Polysciences. The 3H
glycine was counted using a Packard Tri-Carb 4530 Scintillation
Counter, while 1251 was detected with a Pharmacia LKB-Wallac Clini
Gamma 1272 Gamma Counter. ATR-FTIR spectra were recorded on a
BioRad FTS-40 instrument using an ATR accessory and a germanium
450 crystal from Harrick Scientific Corp. ESCA analysis was
performed at the Center for Material Science and Engineering
Surface Analysis Facility, Massachusetts Institute of Technology,
Cambridge, MA. The instrument was a Perkin-Elmer Model 548
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XPS/AES System with dual anode MgKa/AIKL source. A tungsten
filament electron flood gun was used to minimize surface charging
of the samples.
7.5.2 Analytical Techniques
Amino Acid Analysis: See Section 5.4.2.
Colorimetric Amino Group Assay: See Section 5.4.2.
7.5.3 Procedures
Bis(sulfosuccinimidyl) suberate (BS3 ) Coupling 114, 115: The
solvent cast poly (lactic acid-co-lysine) films were left overnight
in 0.1M K2C03 with 5% by volume acetone. Before the surface
modification was started, the films were rinsed with pure water
over the course of an hour. The rinsed films were then immersed in
1mg/ml (1.7 pmol/ml) BS3 solution in 0.1M (4-(2-hydroxyethyl)-1-
piperazine-ethane sulfonic acid (HEPES) buffer at pH 8.05. The
control was added to the 0.1M HEPES buffer without the BS3 reagent.
After 30 minutes, the films were rinsed extensively (5-10 times)
with more 0.1M HEPES buffer. The films were immediately
transferred to a 0.08M HEPES buffered solution of 3 H glycine at 200
nCi/ml, which is equivalent to 4.65 pmol/ml. After 2 hours, the
films were removed, washed twice with 0.1M cold glycine, and then
immersed in the 0.1M cold glycine solution for 1.5 hours. The final
rinse was with water. After the rinses were completed, 1.0 ml of
0.5N NaOH was added to the film, which was then incubated
overnight at 37 OC to completely release any attached 3H glycine.
The next day, 1 ml of water and 10 ml of Ecolume scintillation fluid
was added, and the solution was counted. Standards of the 3H
glycine were made from solutions containing the same ratio of base,
water, and Ecolume.
For the coupling of the 3H glycine to the amino containing
beads, 4 pmol of amino groups (on the beads) in a volume 0.2 ml were
added to 2 ml of img/ml (1.7 p~mol/ml) BS3 solution in 0.1M HEPES
buffer at pH 8.05. No BS3 was added to the control. These reactions
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were carried out in small columns with filters at the bottom. After
30 minutes, the excess reagent was removed through the outlet in
the bottom of the column, and the beads were rinsed with more 0.1 M
HEPES buffer. The rinses were completed by draining the liquid out
of the bottom of the column as well. A solution of 3 H glycine at 200
nCi/ml which is equivalent to 4.65 pmol/ml was immediately added
to both the sample and control. Aliquots (25 jl) of the 3H glycine
solution were taken periodically from both the control and the
sample. These aliquots were counted using Ecolume as the
scintillation fluid.
Glutaraldehyde Couplingl 21 , 122: A 5% glutaraldehyde solution
was prepared by diluting a 25% glutaraldehyde solution with a pH 6,
0.01M pyridine buffer. The solvent cast poly (lactic acid-co-lysine)
films were immersed in the 5% glutaraldehyde solution for 3-4
hours at room temperature. The films were removed from the
glutaraldehyde solution and washed with the 0.01M pyridine buffer.
After the washing step was completed, the films were immersed in
a 0.5 mg/ml (880 nmol/ml) of the GRGDY peptide dissolved in the pH
6, 0.01N pyridine buffer. The sample used for the ESCA analysis was
reacted with the peptide solution for 3 hours, while the sample used
for the ATR-FTIR was reacted for 21 hours. The reactions with the
1251 peptide were also reacted for 21 hours. After the end of the
peptide coupling reaction, the films were washed extensively with a
series of buffers including: 1) pH 6, 0.01N pyridine, 2) water, 3) pH
5.5, 0.1M NaOAc, 4) pH 8, 1M NaCI, and 5) pH 7.1, phosphate-buffered
saline [PBS]. After air drying, the films were put under high vacuum.
The three 1251 labeled peptide reactions were slightly
different. Before reacting the films with the glutaraldehyde, they
were boiled for 1 minute to improve the accessibility of the amino
groups at the surface. Also, the pH 6 pyridine buffer was not used
for the peptide reaction. The 1251 labeled peptide solution obtained
from the labeling procedure was diluted with water to 0.5 mg/ml
and then adjusted to pH 6 with NaOH and HCI. The peptide solution
contained 0.01N Nal to help prevent nonspecific adsorption of free
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1251 to the polymer surface. Before the excess peptide solution was
removed, sodium cyanoborohydride was added to the reaction to
make a concentration of 0.1M and left to react for 1 hour. After this
time, the films were washed extensively with a series of buffers
including: 1) pH 8, 1M Glycine, 2) pH 8, 0.05M Borate+0.5M NaCI, 3)
pH 8.5, 0.05M Borate, 4) pH 5.5, 0.1M NaOAc, 5) pH 8, 1M NaCI, 6) pH
7.1, phosphate-buffered saline [PBS], 7) 0.1M Nal, 8) 10% ethylene
glycol, and 9) water. All of the washing buffers contained 0.01N Nal
to help prevent nonspecific adsorption of free 1251. The film was
also transferred to a new test tube, since nonspecific adsorption
occurred on the walls of the test tube used for the reaction. The
radioactivities of the rinsing solutions and the films were measured
with a gamma counter.
Note 1: The control film that was only exposed to the 1251 labeled
peptide was not boiled, and the cold Nal was not added to
the peptide solution until 10 minutes after the solution was
put in contact with the film.
Note 2: The control film prepared by first reacting the surface
amino groups with glycine used a glycine concentration of
0.1M in the glycine reaction. After the glycine reaction was
competely finished, including the reduction with sodium
cyanoborohydride, the film was exposed to the 1251 labeled
peptide.
1251 Labeling of GRGDY 107 , 111: GRGDY was radiolabeled with
Na 125 1 by using lodobeads from Peirce according to the
manufacturer's instructions. Five lodo Beads were rinsed with
phosphate-buffered saline, pH 7.1, and then added to 2 mCi of Na12 5 1
in a volume of 0.17 ml PBS. After 5 minutes, 0.25 ml of an 8.24
mg/mi solution of GRGDY was added to the tube containing the
Na 12 5 1 and the lodo Beads. After 35 minutes of reaction, 50 p• of 1M
AcOH + 0.02mM Nal was added to the reaction mixture. The AcOH
adjusts the pH to 3.5 ,and the cold Nal helps prevent free 1251 from
associating with the peptide. The peptide was purified by anion
exchange chromotography using Dowex 1x8-50 anion exchange resin.
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The column was 30 cm in height and 0.7 cm in diameter. The eluent
was 0.01M AcOH, pH 3.56, and ten-1 ml fractions were collected.
[The purification was proven to be effective by separating a control
mixture of peptide and Na12 5 1 without reaction with the lodo Beads.
The specific activity for this control was 0.7 mCi/mmol. However,
the eluent for this control run was 0.1M AcOH and no additional cold
Nal was added]. The specific activity of each fraction was
determined by measuring the radioactivity with a gamma counter
and the peptide concentration with the Micro BCA Assay from Pierce.
The GRGDY peptide was used as the standard for the Micro BCA
Assay. Fractions 4 and 5 contained the most peptide and had
specific activities of 68.7 and 63.7 mCi/mmol respectively.
Fraction 5 was used for all of the 125 1 labeled peptide reactions.
N-Hydroxysulfosuccinimide Carboxylic Acid Activation
Coupling 118, 120:
For the ESCA Sample: The solvent cast poly (lactic acid-co-
lysine) film was immersed in pH 9.3, 0.05M NaHCO 3 for 45 minutes.
After rinsing with water, the film was immersed in a freshly
prepared 0.5M succinic anhydride solution. Base (NaOH) was added to
maintain the pH at 6.0. After the pH stabilized, the reaction was
allowed to continue for 5.75 hours. At this time the film was rinsed
with pH 7.0, 0.01M 3-(N-morpholino) propanesulfonic acid (MOPS)
buffer. Next, the film was added to pH 7.0, MOPS buffer containing
0.47M sulfo-NHS and 0.33M EDC and allowed to react for 2 hours.
The pH was adjusted after 45 minutes from 4.0 to 6.7. The film was
rinsed extensively with the pH 7.0, 0.01M MOPS buffer, and then
added to a pH 6.5, 0.01M MOPS buffer containing 0.5 mg/ml of the
GRGDY peptide and allowed to react for 21 hours. After this time,
the film was washed extensively with a series of buffers including:
1) pH 6.0, 0.1M NaOAc, 2) pH 8, 1M NaCI, and 3) water. After air
drying, the film was put under high vacuum. The control was
subjected to the same conditions except no sulfo-NHS or EDC was
used.
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For the ATR-FTIR Sample: The solvent cast poly (lactic acid-
co-lysine) film was immersed in pH 10.6, 0.05M NaHCO 3 for 15
minutes. After rinsing with water and pH 6.3, 0.5M NaCI, the film
was immersed in pH 6.3, 0.5M NaCl. Succinic anhydride was added
over a 45 minute period until a concentration of 0.8M based on the
final volume was reached. 2.5M NaOH was used to maintain the pH at
6.3. After the pH stabilized, the reaction was allowed to continue
for 5.0 hours. At this time the film was rinsed with a series of
buffers including: 1) pH 6.3, 0.5M NaCI, 2) pH 5.5, 0.1M NaOAc, 3) pH
8, 1M NaCI, and 4) pH 7.1, phosphate-buffered saline [PBS], and 5)
water. Next, the film was added to a pH 5.0 aqueous solution
containing 0.2M sulfo-NHS and 0.2M EDC and allowed to react for 10
minutes. The film was rinsed briefly with water and pH 8.5, 0.05M
borate buffer, and then added to a pH 8.5, 0.05M borate buffer
containing 0.5 mg/ml of the GRGDY peptide and allowed to react for
26 hours. After this time, the film was washed extensively with a
series of buffers including: 1) pH 8.5, 0.05M Borate, 2) pH 5.5, 0.1M
NaOAc, 3) pH 8, 1M NaCI, 4) pH 7.1, phosphate-buffered saline [PBS],
and 5) water. After air drying, the film was put under high vacuum.
The control was subjected to the same conditions except no sulfo-
NHS or EDC was used.
Another set of samples for ATR-FTIR analysis was prepared
with one change to the conditions described for the first set of
samples for ATR-FTIR analysis. The succinic anhydride reaction was
carried out at pH 8.0 in a 0.05M borate, 0.5M NaCI buffer.
Carbonyldiimidazole Bulk Peptide Attachment 123 : The
reaction was carried out in a dry box, and the glassware was heated
overnight at 130 OC and then cooled inside the dry box. The solvents
were dried over molecular sieves.
For Sample 1: The copolymer was dissolved in CH2CI12, and then an
equal volume of DMSO was added. The peptide was dissolved in a
small volume of DMSO and added to the copolymer solution. The CDI
was dissolved in CH2CI2 . A syringe was used to add the required
volume of the CDI solution to the polymer/peptide solution with
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stirring. After 4 hours, the CH2 CI2 was removed by evaporation. The
DMSO solution left behind became cloudy. Water was added to
complete the precipitation of the copolymer. The precipitate was
collected by vacuum filtration and dried under high vacuum. The
exact amounts of the reagents are given in Table 7-3.
For Sample 2: The copolymer was dissolved in CH2CI2 and stirred
with a stir bar, and the CDI was dissolved in CH2CI 2 in a separate
flask. A syringe was used to add an appropriate amount of the CDI
solution to the copolymer solution. The amount of CDI added was
equal to 80% of the total amount to be added eventually. After 8
minutes, a volume of DMSO equal to that of the CH2CI2 volume and
then the peptide (previously dissolved in DMSO) were added to the
copolymer solution. After 1 hour, the remaining 20% of the CDI was
added to the reaction mixutre. After 2 more hours, the CH2CI 2 was
removed by evaporation. The DMSO solution left behind became
cloudy. Water was added to complete the precipitation of the
copolymer. The precipitate was collected by vacuum filtration and
dried under high vacuum. The exact amounts of the reagents are
given in Table 7-3.
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CHAPTER 8
FUTURE DIRECTIONS
The goal of this research was to identify and synthesize a
polymer system that is biocompatible, biodegradable, mechanically
suitable, and that provides a means of controlling the surface
chemistry of the processed polymer to meet the needs of a variety
of applications including cell transplantation. This goal has been
achieved with the successful synthesis of poly (lactic acid-co-
lysine). The biodegradability of this new copolymer system was
confirmed by an in vitro degradation study. This study showed that
poly (lactic acid-co-lysine) does degrade hydrolytically under
physiological conditions. Good processibility and suitable
mechanical properties were demonstrated by the formation of
strong, flexible films by solvent casting. The ability to control the
surface chemistry was demonstrated by the modification of the
copolymer with a peptide containing the cell adhesion promoting
sequence, RGD.
There are three general areas for future work: 1) refining the
copolymer synthesis and processing, 2) assessing the cellular
response to the peptide modified copolymer devices in vitro, and 3)
testing the peptide modified copolymer devices in vivo. Although
the most important goal is the in vivo studies, it will be essential
to first test the copolymer in vitro. From the in vitro stuidies it
may become apparent that the synthesis and processing of the
copolymer need to be improved.
One important factor that must always be considered during
the in vitro cell culture studies is the method of processing of the
films. The processing conditions can have a large effect on the
surface properties of the films. Even though the RGD peptide has
been coupled to the copolymer, this group may be unavailable for
interaction with the cells as a result of the processing conditions.
It will be vital to continue to analyze the surface chemistry of the
processed films in order to interpret the cell culture data.
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If the processing limits the surface density of peptide, it may
be necessary to increase the amount of peptide attached' to the
polymer. Three factors affect the amount of peptide that is
attached to the copolymer: 1) the amount of lysine incorporated
into the copolymer during the polymerization, 2) the efficiency of
the deprotection step, and 3) the efficiency of the peptide coupling
reaction. Ideas for improving each of these factors have been given
in the appropriate chapters.
In order to increase the copolymer's overall processibility, it
may be necessary to increase the molecular weight of the copolymer
samples. Specific suggestions for increasing the molecular weight
have been given in Chapter 4. Besides increasing the general
processibility, increasing the molecular weight could open up some
other interesting processing opportunities as well. By increasing
the chain length and/or the lysine content, it should be possible to
obtain samples with more than 2 amino groups per chain. These
samples could be processed into a gel or a solid polymer device by
crosslinking through the amino groups. This crosslinking would
effectively produce a polymer of infinite molecular weight. This
approach might result in an entirely new processing technique for
poly (lactic acid) in general where the lysine residues are used for
processing instead of peptide atttachment. It should also be
possible to do both crosslinking and chemical modification (such as
peptide attachment) at the same time.
Besides the use of the amino groups for processing, other
processing techniques such as solvent casting with salt particles
will have to be investigated further in order to make the
complicated three dimensional devices needed for the in vivo
studies. Characterizing the surfaces of these three dimensional
structures will present a difficult challenge since most surface
analysis techniques are designed to measure properties on flat
surfaces.
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